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ABSTRACT 
 Total hip arthroplasty (THA) is one of the common surgical procedures, however, a 
significant number of the replacements fail permanently due to wear and lack of 
osseointegration of the implants. In spite of the success of medical procedure, there is not a 
single implant that can avoid aseptic loosening or prosthetic dislocation during its envisaged 
operating life. Regardless of tremendous acceptance of additively manufactured (AM) titanium 
alloys (Ti6Al4V) in the field of biomedical engineering, the high surface roughness due to 
partially-melted particles (fabricated in selective laser melting (SLM) process), limits their uses 
as hip implants. Therefore, this project aims to develop cartilage-mimicking poly (2-
methacryloyloxyethyl phosphorylcholine) (PMPC) grafting onto the surface of additively 
manufactured titanium implants, to improve surface properties, wear resistance and lubricating 
ability of the implant.  
 Three different grafting techniques; ultraviolet (UV) irradiation and thermal heating 
both under normal atmosphere and UV irradiation under N2 gas atmosphere were applied. The 
energy-dispersive X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS) 
results evidenced the existence of continuous PMPC layer on the Ti6Al4V surface using the 
UV irradiation under a nitrogen atmosphere, due to the elimination of oxygen from the system. 
As indicated in the Fourier transform infrared spectroscopy (FTIR) results, one of the 
advantages of this technique is the presence of phosphorylcholine, mostly on the surface, which 
demonstrated that the polymer chains had been successfully anchored onto the surface of 
Ti6Al4V. Filmetric analysis identified the thickest layer of the grafted polymer for the surface 
grafted using UV irradiation under a nitrogen atmosphere. Therefore, this technique has been 
considered as optimal grafting technique considering surface morphology, polymer 
composition onto the top surfaces and film thickness of the grafted polymer.  
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 Three different monomer concentrations, 0.4 M, 0.6 M and 0.8 M were then examined 
to optimise the monomer concentration for grafting polymer onto the surface of AM Ti6Al4V. 
The nuclear magnetic resonance (NMR) and gel permeation chromatography (GPC), results 
revealed that the monomer had been polymerised successfully. Samples grafted with 0.6 M 
monomer concentration showed more uniform surface and less surface roughness in 
comparison with other samples and untreated Ti6Al4V surfaces. 0.6 M monomer concentration 
was found to be the best option for grafting PMPC to the hip implant interfaces due to the 
improvement in surface morphology, roughness and polymerisation rate. Cell study was 
performed on the PMPC grafted surface to determine the biological response of PMPC layer. 
Scanning electron microscopy (SEM) and confocal imaging, results revealed that PMPC 
grafted surfaces prevent the implant interfaces from uncontrollable cell attachment which is of 
utmost importance in smoothing the motion of hip implant under cyclic loading. 
 The thermogravimetric analyser (TGA) and differential scanning calorimetry (DSC), 
results confirmed the PMPC is thermally stable for implant applications regardless of the 
monomer concentration and can stand the thermal sterilisation process. Furthermore, the 
surface grafted with 0.6 M monomer concentration demonstrated improved wettability.  
Nanoindentation studies were performed to evaluate the mechanical properties of the 
implant surface both before and after polymer grafting. Results showed 0.6 M monomer 
concentration was found to be the optimal concentration for grafting hip implant interfaces 
with MPC considering their surface properties, penetration depth and hardness results. A 
significant reduction in Young’s modulus of PMPC grafted samples (33.2 - 42.9%), in 
comparison with untreated Ti6Al4V samples, indicated the capability of PMPC layers in 
avoiding stress shielding effect under cyclic loadings. The stress-strain curves revealed the 
improvement in toughness and elasticity behaviour of PMPC grafted surfaces in comparison 
with the control sample. The nano-scratch test revealed that the PMPC layer protects the 
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underlying implant substrate from scratching even under high loads. Nano-tribological wear 
test was performed to investigate the effect of PMPC layer on wear resistance of the implant 
under loading conditions. The PMPC grafted surface exhibited a significant enhancement in 
wear resistance compared to the untreated surface even under application of high load. The 
concomitant improvement of wear resistance proved the potentiality of polymer films for 
implant applications.  
 Finally, theoretical modelling was designed to predict the lubricating film formation 
under different physiological conditions of hip joints. The theoretical model revealed the 
boundary lubrication mechanism for hip joint conditions even for the polymer grafted surface. 
The polymer grafted implants showed improved film formation compared to untreated 
implants. Therefore, the surface grafting with cartilage-mimicking PMPC layer could play a 
significant role in boundary lubrication by protecting the underlying metallic implant and thus 
help to reduce surgical recurrence and to increase implant lifetime.  
 
Keywords: additive manufacturing, surface modification, texturing, coating, polymer grafting, 
hip arthroplasty, Ti-6Al-4V alloy, selective laser melting, MPC polymer, grafting thickness, 
mechanical properties, nano-indentation, topography, morphology, wettability, roughness, 
scratch test, wear resistance, cell attachment, film formation, durability   
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CHAPTER ONE: INTRODUCTION 
The patients suffering from osteoarthritis and rheumatoid arthritis require artificial hip 
replacements due to the affected bone surfaces. Furthermore, the demand for total hip 
arthroplasty (THA) procedure is increasing with continuing aging of the population as the 
number of patients are increasing. Unfortunately, these patients experience surgical recurrence 
due to the shorter functional life of the hip implants compared to the ever-increasing life 
expectancy of a patient especially younger. THA treatments have been improved significantly 
in the last two decades to minimise the number of revision surgeries. Nevertheless, revision 
surgery requires after 20-25 years of implantation [1]. One of the major difficulties of THA is 
aseptic loosening, which limits their clinical success and durability [2]. High friction and 
consequent wear cause aseptic loosening, dislocation of the implant [3]. Moreover, abundant 
protein adsorption and consequent cell adhesion induce the infection, which hinders the 
functionality of the implant [4-6]. Thus the inability to mimic the host response under various 
physiological conditions is the critical issue of the implant failure. Therefore, there is a need 
for quality improvement of hip implant as the developments of implant materials are yet 
challenging to meet the expectation of the patient’s lifetime.  
The selection of implant material is the key issue in minimising the revision rate. The 
quest for specialised materials that respond both to the mechanical and chemical solicitations 
of the human body could promise a proper host response. Titanium and in particular the 
titanium alloy (Ti6Al4V) is of high interest as orthopaedic implants because it offers excellent 
mechanical strength, chemical inertness and good biocompatibility [7-9]. Ti6Al4V has 
received attention due to its relatively low modulus of elasticity, which is closer to the 
properties of cortical bone, compared to other metals, resulted in preventing stress shielding 
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effect after implantation [3, 10]. Still, the elastic modulus is comparatively 10 times higher than 
cortical bone, which could be a reason for aseptic loosening and premature implant failure [11]. 
The development of new titanium β alloys is a unique approach to address this problem. 
Although several studies reported new systems with much lower stiffness, yet these are not 
identical with the bone [12, 13].  
Machining, casting and forging are the traditional manufacturing techniques for 
fabricating orthopaedic implants. While these techniques are proven and certified industry 
standard to fabricate the implants safely, the fabrication of customised implants by additive 
manufacturing (AM) technique is slowly gaining attention due to its numerous advantages. 
AM, especially selective laser melting (SLM) technique provides controlled and 
interconnected pores, which play crucial roles in creating a strong bond between the powder 
particles [14]. This technique has a rapid production rate with high utilisation of materials, and 
the microstructure can be graded in a controlled manner. By this technique, any complex shape, 
such as hip implants can be manufactured from direct production, based on computer-aided 
design (CAD) model which results in saving both cost and time [15].  
Though the SLM technique has improved significantly in the last few years, still it has 
some limitations on long-term use of the product in a biological environment. The product of 
this technique has a high surface roughness that causes higher friction and consequent wear of 
the implant. High surface roughness increases unfavourable protein adsorption, bacterial 
adhesion and uncontrollable cell attachment [16]. Therefore, the long-term success of the 3D 
printed Ti6Al4V implant is affected as bio-implant. It is crucial to control the osseointegration 
problems that arise as a result of the introduction of implant in the biological environment. 
Since the biological response to implanted biomaterials is influenced by the surface properties 
of the materials, tailoring the physical/chemical properties of the implant surfaces could be 
useful to control the interaction between an implant and the surrounding tissue. Noteworthy, 
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Ti6Al4V alloys are not commonly used nowadays as head materials due to its low wear 
resistance properties. However, significant researches have been undertaken to improve the 
mechanical and wear resistance properties of Ti6Al4V femoral heads applying various surface 
coatings [17-22]. 
To meet the demands of longer human life and implantation in younger patients, 
improvement of surface properties is imperative. Surface modification technique improves 
wettability, biocompatibility and mechanical properties of materials surface [23]. The bearing 
surfaces of natural hip joints are shielded with articular cartilage which protects the joint 
interface from mechanical wear and assists a smooth motion of joints during daily activity [24]. 
Therefore, it is crucial to develop cartilage-mimicking layer between implant interfaces. 
Previous studies revealed that the poly(2-methacryloyloxyethyl phosphorylcholine) [MPC]) 
(PMPC) carries phosphorylcholine group in their side chains, which provides phospholipid like 
layer during sliding motion, and thus mimics the articular cartilage of natural hip joints. It is 
well known that highly cross-linked polyethylene (CLPE) cup/liner is coupled with metallic or 
composite head materials in artificial hip implants. Based on a comprehensive investigation on 
the present status of surface modification techniques, it has been realised that the long-term 
response of metallic implants could be accomplished by grafting phosphorylcholine bearing 
polymers onto their surfaces. Nevertheless, it is still a great challenge to develop polymer 
grafting on the metal surface.  
In this project, SLM Ti6Al4V samples were chosen due to its potential biomedical 
applications. Fig. 1.1(a) presents basic principle of selective laser melting process. PMPC 
grafting process under UV irradiation is presented in Fig. 1.1(b). Fig. 1.1(c) illustrates the 
interface of Ti6Al4V implant grafted with PMPC.  
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Fig. 1.1 (a) Basic principles of selective laser melting [25], (b) polymer grafting under UV 
irradiation and (c) prospective applications of polymer grafting for hip implants.  
Some surface modification techniques, such as surface texturing and surface coating 
have been developed to enhance the useful life of joint prostheses. Surface modification 
techniques are usually applied to femoral head surfaces. Surface texturing improves the 
lubricating ability of the implant interfaces. However, the wear rate is still higher for the 
textured surfaces due to the wear debris generation under sliding motion. Surface coating 
technique has become the most reasonable approach since the last decades, to engineer the 
bearing surfaces of artificial joints due to its highly wear-resistant coating. Surface coating 
increases the mechanical properties of the contacting surface, resulted in enhancing wear and 
corrosion resistance. However, the earlier delamination of coated materials due to poor 
adhesion between coated materials and substrate limits the uses of this technique for load-
bearing applications. Another surface modification technique known as surface grafting on 
acetabular liner has a significant influence on friction and wear reduction for joint implants 
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[26]. PMPC has become the attractive choice for grafting acetabular liner due to its unique 
properties. It possesses excellent biocompatibility and anti-biofouling ability [27], provides 
unique surface properties, such as high lubricity, low friction, anti-protein adsorption and cell 
adhesion resistance [28], forms a hydrated lubricating layer, and hence increases wear 
resistance [29]. Therefore, PMPC could provide host response in artificial hip implant 
applications.  
Recent studies only investigated the effect of PMPC grafting on CLPE substrates for 
its application on acetabular liner surface [29-34]. Though other surface modifications 
technique, such as surface texturing and coating focussed on femoral head surface, no study 
considered polymer grafting on femoral head surfaces. No study reported polymer grafting 
onto additively manufactured titanium (AM Ti6Al4V) substrate. In fact, the concept of grafting 
a bioactive polymer on metallic surfaces is relatively new. The formation of covalent bonding 
between polymer and metal substrate is complex. The radical polymerisation method could be 
useful to generate free radical onto a metal substrate. These free radicals interact with the 
monomers in solution under controlled environmental conditions [35].  
This PhD research will look into developing a highly lubricated polymer layer onto the 
surface of the AM Ti6Al4V substrate to improve hip arthroplasty performance. Different from 
previous studies, this research aims to develop polymer grafting onto the surface of a metallic 
substrate, which is novel and more complex and challenging. This project will investigate the 
different techniques to graft the PMPC onto the surface of the AM Ti6Al4V substrate through 
radical polymerisation. The polymerisation parameters are crucial factors to tailor the surface 
properties of the implant. The degree of polymerisation and chain length are important 
parameters that affect the surface morphology, roughness and uniformity of the polymer layer. 
Therefore, the optimisation of polymerisation parameters is an important aspect of this 
research. Unmodified Ti-based materials can gradually stimulate the formation of a fibrous 
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layer even after several years of implantation. Therefore, the fibrous layer interacts with the 
living tissue and leading to a progressive loss of osseointegration [35, 36]. Sometimes implant 
surface itself creates a preferential site for bacterial adhesion and leads to inflammatory disease. 
The gradual loss of supporting bone due to inflammatory disease is one of the major reasons 
for implant failure. It is obvious that untreated SLM Ti6Al4V surfaces are not able to establish 
good interaction with the surrounding biological tissues. Proper osseointegration of the joint 
could increase the useful life of the hip implants.  
Various surface modification techniques such as plasma treatment, heat treatment and 
surface coating are usually applied on SLM fabricated sample to improve the physical 
properties of the surface. Controlled surface modification on SLM manufactured sample is very 
complicated. As a result, commonly used mechanical methods, such as sandblasting and 
grinding or physical methods, such as thermal spraying and ion implantation might not be 
effective due to inhomogeneous surface treatment [37, 38]. However, chemical etching (CHE) 
and electrochemical polishing (ECP) could be applied to obtain a controlled and homogeneous 
roughness of the treated surface. Pyka et al. [39] showed a significant reduction in surface 
roughness using a combination of CHE and ECP with HF-based solutions. Moreover, the HF-
based solution helps to remove weakly attached partially-melted particles from the surfaces by 
chemical etching. Few studies on biochemical modification aim to obtain faster 
osseointegration and bone adhesion [5, 40]. Surface modification incorporating bioactive 
biomolecules and/or biocompatible polymers could be the pertinent solution to enhancing the 
osseointegration and wear resistance of the SLM fabricated implant. However, polymer coating 
arises poor adhesion between the substrate and the coated materials resulted in early 
delamination of the coating. Thus, it decreases the useful life of the implants. Moreover, hip 
implants can generate heat during the sliding motion under loading condition. This heat 
generation could affect the useful life of the polymer grafted surface.  
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Few biocompatible polymers are sensitive to high temperatures leading in controlled 
contraction or expansion with small changes in the external environmental condition [41, 42]. 
PMPC contains water molecules resulted in polymer decomposition at high temperature. As 
this polymer will be used in physiological conditions, analysing the thermal stability of the 
polymer is an important aspect of this research. The wettability property of the implant surface 
plays a crucial role under lubrication conditions. The deposition of a thin polymer film on the 
metal surface could impact the mechanical properties of the bulk surface. As a result, 
investigating the effect of PMPC layer on mechanical properties is crucial. The mechanical 
properties of PMPC grafted surface could be altered due to changes in interface from Ti6Al4V 
alloys to polymer. It is expected that polymer grafting will reduce the mechanical properties of 
the bulk surface. This reduction is acceptable provided it is not significant and meets the 
implant criteria. Improvement of wear resistance of the Ti6Al4V surface is required to increase 
the lifetime of the implants. 
It is well known that articular cartilage covers the bone surfaces in the natural hip joint. 
This articular cartilage contains synovial capsule which can be preserved during hip 
replacement surgery [43]. Synovial fluid stored in the synovial capsule has an excellent shock 
absorbing ability [44]. It produces lubricant film and protects the bone surfaces from contacting 
each other. The hip joint can transmit high dynamic loads (7-8 times the body weight) and 
accommodate a wide range of movements [45] due to the presence of synovial fluid in articular 
cartilage. As the synovial capsule can be preserved during surgery, it can be reused in artificial 
hip implants. This synovial capsule could supply the synovial fluid for lubrication of artificial 
joints during motion and thus could affect the tribological performance of artificial hip implant 
providing a lubricating layer under loading conditions. Investigating the lubricating ability of 
artificial implants is essential to understand the overall tribological performance of the 
implants.  
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There is a restriction on conducting the film formation experiments as the facilities for 
the measurement need special arrangements. However, researchers are trying to predict the 
film formation behaviour of the implant by theoretical approach. Hamrock-Dowson formula is 
applicable for ball-on-socket hip implants [46]. Various factors affect the overall lubrication 
performance of artificial implants. Most importantly, the surface roughness of the implant 
surfaces plays a crucial role in film formation. Poisson's ratio and Young’s modulus also 
influence film formation [47-49]. It is well known that the load and the speed experienced in 
hip joints varies with the movements. Therefore, the physiological conditions of the hip joint 
should be considered in the theoretical model.  
In this PhD project, concentrations of polymer grafting process have been optimised, 
through thermal effect as well as the physical and mechanical properties of the implant and 
interface. A nanoindentation technique has been used to explore mechanical properties of thin 
polymer films. Previous researchers have correlated mechanical properties such as hardness 
and Young’s modulus, with tribological properties including coefficient of friction and wear 
resistance [50-52]. The present study will similarly investigate the correlation between 
Young’s modulus and wear resistance property. As discussed earlier, the PMPC layer acts as 
cartilage on the surface of implants. Therefore, it is important to have the capacity of carrying 
sufficient loads. In this study, the effect of PMPC layer on the mechanical strength of the 
implant surfaces will be investigated through nano-scratch test. The wear test will be performed 
to evaluate the wear resistance of the PMPC grafted surface. From the nano-scratch and wear 
test, the withstand ability of untreated and PMPC treated surface will be compared. To the 
knowledge, no theoretical study of lubricating film formation has been conducted on additively 
manufactured hip joints. In this study, the viscosity of the synovial fluid will be considered. 
The theoretical model will predict the impact of PMPC layer on film formation. The theoretical 
results will be compared both for untreated and PMPC treated surfaces.  
 9 
 
Based on a comprehensive literature review, the following research questions have been 
determined for this project: 
1. What is the optimal technique for grafting polymer onto the surface of SLM 
Ti6Al4V implants? 
2. What is the influence of monomer concentration on polymerisation and surface 
properties of the implant? 
3. Can PMPC control unfavourable cell adhesion onto the implant interfaces? 
4. What is the effect of PMPC layer on the thermal and mechanical properties of the 
implant surface? 
5. How does polymer grafting affect the wear resistance of the implant surfaces? 
6. What is the impact of surface grafting on lubricating film formation between the 
contact interfaces? 
The main aim of this research is to develop a polymer grafting technique onto the 
surface of the AM Ti6Al4V substrate to enhance the useful life of the implant. This aim can be 
accomplished by accumulating the following objectives. 
1. To develop and optimise the polymer grafting technique on SLM Ti6Al4V implants   
2. To characterise the effect of monomer concentrations on surface properties, such as 
polymer uniformity, surface roughness and wettability   
3. To evaluate the impact of PMPC layer on cell adhesion resistance 
4. To investigate the thermal and mechanical properties of the grafted surface with a 
polymer 
5. To predict the lubrication mechanism and lubricating film thickness from 
experimental results using a theoretical model 
The research work presented in this thesis is divided into eight chapters. The thesis 
chapter has been outlined as follows: 
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 Chapter one highlights the significance of surface modification techniques for hip 
implant applications. The overall research background, problem statement, motivation and 
scope, the rationale of this project, research questions and research objectives have been 
presented in this chapter.  
 Chapter two investigates the conventionally employed surface modification 
techniques for implant applications. Commonly used hip implants and their limitations along 
with conventional methods of surface modification techniques to enhance the useful life of 
implants have been described. This chapter provides a comprehensive review of surface 
modification techniques, materials and surface properties with a focus on tribological 
performance. This review helps to identify the most satisfactory surface modifications 
technique for the longevity of artificial hip implants. The potentiality of AM Ti6Al4V implants 
and their associated challenges for hip implant application has also been highlighted. 
 Chapter three presents all experimental procedures and the details of the materials 
used for this project. This chapter briefly describes the polymer grafting techniques and the 
details of polymer and mechanical characterisation procedures. The details process of cell study 
has also been presented. A brief description of the statistical analysis was presented in the final 
section. 
 Chapter four compares the different polymer grafting techniques on AM TI6Al4V 
implants. This chapter investigates the effect of different grafting techniques onto the surface 
uniformity, roughness and also film thickness of the grafted polymer. This chapter also 
compares the elemental composition of top surface layers to examine the existence of polymer 
and at the same time to optimise the polymer grafting techniques.  
 Chapter five evaluates the influence of monomer concentrations on polymerisation 
rate and surface properties. Polymer characterisation results reveal that monomer being 
converted into polymer successfully and the optimal monomer concentration has been 
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determined by analysing the polymerisation rate, surface properties and chemical bonding. The 
impact of cell PMPC layer in resistance to cell adhesion has been analysed onto optimised 
samples. 
 Chapter six analyses the thermal and mechanical properties of grafted surfaces. The 
main purpose of thermal stability analysis is to investigate whether this polymer is thermally 
stable in various physiological conditions and under thermal sterilisation process. The effect of 
PMPC layer on mechanical properties has been investigated. The scratch tests have been 
performed using the samples prepared by optimised grafting technique and compared the 
results with untreated samples. Finally, wear tests have been carried out to evaluate the impact 
of PMPC layer on wear resistance of the implant. 
 Chapter seven presents the theoretical modelling to predict the lubrication mechanism 
and lubricant film formation under different physiological conditions of artificial hip implants. 
This theoretical model considers the lubricant viscosity of synovial fluid, sliding speed and 
different angular rotation.  
 Chapter eight summarises the key findings of this project and indicates the major 
contribution of this project to the body of knowledge in biomedical research. Finally, the 
perspective of further investigations in this area is outlined.   
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CHAPTER TWO: LITERATURE REVIEW 
 This chapter provides a comprehensive literature review on the current status of surface 
modification techniques for hip implant applications. This chapter is divided into five key 
sections: Section 2.1 discusses the importance of surface modification techniques to enhance 
the useful life of hip implants. Section 2.2 presents commonly used artificial hip implants and 
limitations of the different materials used for hip implant applications. Section 2.3 investigates 
on the conventional methods of surface modification techniques to enhance the useful life of 
implants. This section analyses various surface modification techniques, materials and surface 
properties with a focus on tribological performance. This review helps to identify the most 
suitable surface modification technique for the longevity of artificial hip implants. Section 2.4 
highlights the potential of AM Ti6Al4V implants and its existing challenges for hip implants 
application. Section 2.5, final section, summarises the outcome from the literature review and 
outlines the perspective for further improvement. The optimised surface modification 
technique, after a comprehensive literature review, was applied in this PhD project. 
 
 
 
 
  
 
 
 
 
*The part of these research findings have been published in Science and Technology of advanced 
Materials.  
Ghosh, Subir, and Abanteriba, Sylvester. "Status of surface modification techniques for artificial 
hip implants." Science and Technology of advanced Materials 17.1 (2016): 715-735. 
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 Surface modification techniques have been developed significantly in the last couple of 
decades for enhanced tribological performances of artificial hip implants. Surface modification 
technique improves biological, chemical and mechanical properties of joint contact surfaces. 
Mostly effective techniques, namely surface texturing, surface coating, and surface grafting; 
are applied to reduce the friction and the wear of artificial implants.  
 The literature reveals that appropriately modified surfaces exhibited reduced friction 
and enhanced wear resistance of the contact surfaces. In case of surface texturing and surface 
coating, wear rates are still noticeable. In textured surface the associated flow aids to release 
entrapped wear debris resulted in an increment of the wear particles generation. The earlier 
delamination of coating materials due to poor adhesion and graphitisation transformation has 
limited the use of surface coating techniques. Moreover, the produced wear debris has adverse 
biological reactions with body fluids. Conversely, the surface grafting technique provides 
phospholipid like layer that exhibited lower friction and almost zero wear rates even after a 
more extended period of friction test. These findings suggest that further investigations are 
needed to identify the role of surface grafting on film formation, and heat resistance under 
various physiological hip joint conditions for improved arthroplasty performance and longevity 
of hip implants. 
 
 THA is one of the most successful treatments for patients with severe hip osteoarthritis 
and rheumatoid arthritis. This treatment has improved the quality of life (QOL) by introducing 
a solution to the affected joints. On the other hand, demand for THA treatments has been 
increased steadily because of the rise in the population of elderly [53]. Approximately one of 
every four adults is affected by some form of arthritis in the United States [54]. According to 
leading researcher Access Economics, current trends suggest that 7 million Australians will 
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suffer from some form of arthritis by 2050 [55]. Improvements in the THA treatments are in 
high demand due to implant wear, dislocation, fracture, and aseptic loosening. However, 
aseptic loosening resulted in periprosthetic osteolysis remains a serious problem, which 
degrades prosthetic joint survival and clinical success. Up to 20% of patients implanted with 
conventional polyethylene (PE) suffer from aseptic loosening within 10 years of implantation, 
and some of them become disabled due to pain and lack of functionality [56]. The revision rate 
would be higher for younger patients due to their longer life expectancy. This number would 
be estimated to be double by the year 2026, which would lead to a cumulative social and 
economic impact if some preventive mechanisms could not be successfully implemented to 
avoid the revision surgery [57]. The high friction and consequent wear of artificial hip implants 
are the major issues to avoid the revision surgery after 10-15 years of implantation [24, 58]. 
Therefore, surface modification techniques can be developed to improve the implant quality 
considering the lifespan of younger patients. 
 Various surface modification techniques have been developed so far to enhance the 
useful life of joint prostheses, among them surface texturing (dimpling), and surface coatings 
are prominent [59, 60]. Surface modification techniques are generally applied to femoral head 
surfaces. Surface texturing improves the tribological performance of the implant. It increases 
the film thickness between the mating components by acting as a lubricant reservoir. This film 
provides additional lift effect by generating hydrodynamic pressure between the converging 
surfaces. Thus, it protects the surfaces from coming into contact and prevents the generation of 
solid friction. The dimples produced by surface texturing can trap wear debris in boundary 
lubrication condition. 
 Surface texturing technique decreases the contact area and reduces adhesion. Roy et al. 
[58] reported nearly 22% friction and 53% wear reduction for the textured disk surfaces 
compared to non-textured disk surfaces. They also showed that dimple density and depth have 
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significant influences on improving tribological performances. Ghosh et al. [23] also found 
similar results and comparatively better wear resistance provided by textured surfaces under 
body oriented fluids to water lubricants.  
 Further investigations in a combination of texturing and coating techniques had been 
reported with improved wear performance [1]. Surface coating technique has become the most 
promising approach since the last decades, to engineer the bearing surfaces of artificial joints 
due to its highly wear-resistant coating. This technique increases the mechanical properties of 
the contacting surface, enhance wear and corrosion resistance of the contact surfaces. The 
graphite coated surface form protecting layer on the counterparts and act as a solid lubricant. 
Choudhury et al. [1] reported the superior tribological results at diamond-like-carbon 
(DLC)/polyethylene sliding pairs whereas, a-C:N provided the finest performance at 
DLC/DLC pairs. Few researchers also focussed on the interlayer of multi-layer coating to 
improve the friction and wear resistance [61, 62].  
 Another surface modification technique known as surface grafting on acetabular liner 
has a significant influence on friction and wear reduction for joint implants [26]. The grafted 
surface for other medical devices inhibits biological reactions when they are in contact with 
living organisms and are now clinically used on the surfaces of intravascular stents, soft contact 
lenses,  artificial lungs and hearts under the authorisation of the Food and Drug Administration 
of the United States [29]. It is recognised that the nano-meter scaled phospholipid layer covers 
articular cartilage and protects the articulating surface from mechanical wear and facilitates a 
smooth motion of joint during daily activities [27]. Grafted materials are biologically inert and 
do not cause consequent bone-resorptive responses, indicating that this technique prevents 
wear particles production and biological reactions to such materials in THA [63].  
 Though improvements in implant design and materials have provided many people 
improved QOL, still, there is a considerable room for further developments. This review 
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discusses and collates recent findings on detailed surface modification techniques for artificial 
hip implants. This overview illustrates the tribological aspect of artificial hip interfaces, as well 
as commonly used implants and their merits and demerits based on useful life and functionality 
of artificial implants, both in vivo and in vitro environment. This review aims to identify the 
most acceptable surface modifications technique for the longevity of artificial hip implants. 
Finally, the concepts of additive manufactured implants and their existing challenges will be 
discussed. The possible solution for the long-term success of AM parts will also be outlined.  
 According to the National Joint Replacement annual report in 2015, published by 
Australian Orthopaedic Association, 43,183 hip replacements were reported to the registry in 
2014 which were 6.3% higher than those in 2013 [55]. The number of primary total hip 
replacement due to severe arthritis has been increased by 72.5% compared to 2003 [55]. The 
revision in replacement surgery is a foremost problem in THA treatments. The revision rate 
was an increase of 25.1% compared to 2003. However, the revision burden has been decreased 
by 2.4% in the last 4 years. The main reason behind the decrease in revision rate is due to the 
implementation of larger size femoral head. It was found that femoral head size equal to or 
larger than 32 mm is effective in reducing the revision rate [64]. The most common reasons for 
revision are loosening/lysis (47.8%), prosthesis dislocation (14.1%), infection (14.1%), and 
fracture (10.4%) [55]. The loosening possibly caused by an inflammatory reaction is due to the 
production of small wear particles. Moreover, high friction and consequent wear have a 
significant effect on the movement of the femoral head. The movement of the femoral head 
causes the prosthetic dislocation. Hence, the minimisation of friction and wear is desirable to 
prevent the revision surgery of artificial hip implants. This section will describe different 
artificial joint interfaces. Commonly used material combinations for hip prostheses are: 1) 
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metal on polyethylene (MoP), 2) ceramic on polyethylene (CoP), 3) ceramic on ceramic (CoC), 
4) ceramic on metal (CoM), 5) metal on ceramic (MoC), and 6) metal on metal (MoM). 
Generally, two types of femoral head (metal and ceramic) and three types of acetabular cup 
(metal, ceramic, and polyethylene) are used as a combination of bearing surface for artificial 
hip implants.  
2.2.1 MoP hip implants 
 The most common THA material combination has been a metal femoral head paired 
with polyethylene acetabular cup (MoP implants). Metals have been used as implants for more 
than 100 years ago [65]. Different types of metals are used as femoral components, such as 
Titanium (Ti), Ti alloys, Cobalt-chromium alloys (CoCrMo) and stainless steel. The use of 
austenitic stainless steel has been limited due to its poor wear resistance properties. Ti alloys 
and CoCrMo are frequently used in THA. CoCr has been comprehensively employed to 
fabricate implants prior to the introduction of AM for biomedical applications. A comparative 
study showed that the highest linear wear was about 1 micron for Ti6Al4V alloys followed by 
stainless steel (0.2 micron) and CoCrMo (0.1 micron) after one million cycles [66]. Pure Ti 
and Ti alloys are now the most attractive metallic materials for hip implant applications owing 
to their high strength, lightweight, formability and excellent corrosion resistance. In addition, 
the excellent fatigue strength of Ti6Al4V gives a great advantage for lifetime implantations 
[65, 67]. 
 Polyethylene as acetabular cup has been a leading material for the last 30 years because 
of its low friction coefficient property with metallic counterparts. Recently, a newer CLPE has 
been developed that possesses improved wear resistance properties with enhanced mechanical 
properties [68]. It had been irradiated with a high dose of (̴ 100 kGy) gamma rays or a electron 
beam. Cross-linking reduces the degree of molecular orientation, and thus improves the wear 
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resistance [69]. PolyarylEtherKeton (PEEK) is highly used biomateral in orthopaedic industry, 
especially for orthopaedic implants due to their desired mechanical properties, biocompatibility 
and stability at high temperature. However, PEEK fabricated implants are found to be bio-inert 
and does not allow bone in-growth [70]. Polyethylene counterparts experience maximum wear 
against hard metal femoral heads in MoP hip implants. The generated wear debris mixture in 
the lubricant further increase the wear rate. Likewise, the produced wear particles enter into 
the periprosthetic tissues and react with macrophages and giant cells. Thereafter, the 
macrophages release pro-inflammatory cytokines leading to osteolysis and subsequent 
loosening of the prostheses [71]. As a result, surface modification like surface coating and 
microarchitecture enhancement are applied to improve its bioactive and osseointegration 
properties. 
2.2.2 CoP hip implants 
 Ceramic and polyethylene constitute a promising implant pair, because both materials 
exhibit lower friction coefficient, consequently less wear. The CoP implants have better 
wettability than MoP implants. Currently used ceramic materials for hip implants are alumina 
(Al2O3), zirconia (ZrO2), and alumina-zirconia composite. The commonly used alumina 
ceramic has excellent corrosion resistance, excellent biocompatibility, high strength and useful 
wear resistance ability. The significant advantage of alumina material in implant application is 
their highly polished (±10 nm) surface that leads to low friction and wear. However, alumina 
has low fracture toughness, which is the reason for early failure of CoP implants. The failure 
of alumina due to its high brittleness and slow crack growth could be minimised using the 
composite material of zirconia and alumina. Zirconia is exceedingly hard with excellent 
mechanical properties. The clinical success of Al2O3 bearing materials was reported in follow-
up studies where the low mechanical load is applicable [72]. Ceramic implants have lower 
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osteoconductivity with surrounding tissues compared to metal implants. This poor interfacial 
bonding between an implant and tissue could lead to aseptic loosening of the implants and 
subsequent failure of the device [73]. Therefore, the development of an intermediate layer is 
essential to improve the osseointegration of the implants.  
2.2.3 CoC hip implants 
 CoC implants provide low friction and wear during sliding motion that is essential for 
its longevity. In this case, alumina on alumina, zirconia on alumina is usually used as a 
prosthesis pair. Villermaux et al. [74] reported extensively low wear at 0.1 mm3 per million 
cycles for zirconia femoral heads paired with alumina that is significantly lower compared to 
other hip implants. However, one of the major problems associated with CoC implants is 
squeaking. This event happens because of direct contact of two hard surfaces. Squeaking was 
found to have a significant effect on wear mechanism of CoC hip implants [75]. It creates 
vibration in the system during sliding or rolling action.  
 Fracture toughness of zirconia was about 2 times greater than alumina that increased 
the crack propagation resistance [76]. It possesses high bending strength. As a consequence, 
zirconia has opened a new way in implant design. However, zirconia exhibits a progressive 
aging degradation in presence of fluids [77]. A zirconia-alumina composite could provide a 
better service considering the limitation of earlier developed ceramics. Researchers found that 
a material composite combination of 80% tetragonal zirconia poly-crystals and 20% alumina, 
exhibited outstanding mechanical and tribological performance [78]. Despite the improved 
friction and wear performance by CoC implants, the stress shielding effect has limited their 
application in hip implants.  
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2.2.4 CoM and MoC hip implants 
 Ceramic heads-metal cups for CoM, and metal heads-ceramic cups for MoC, hip 
implants, respectively, are used in a small number of THA. Due to the high wear rate of 
polyethylene, other materials have grown in preference as alternative bearings for hip implants. 
Ceramic is comparatively harder than the metal substrate. As a result, the wear rate is high for 
metals while ceramic act as a counterpart. MoC implant has more friction and more wear than 
that of the CoM implant. When the femoral metal head face high loads and ceramic 
counterparts move over them, they release more metal ions from the surface. However, the 
tribological performance of MoC and CoM implants are found to be similar for larger size 
femoral head.  
2.2.5 MoM hip implants 
 The MoM hip implant had grown in interest due to its improved wear resistance 
properties. The metal possesses excellent mechanical properties, electrical and thermal 
conductivity. THA procedures using metal on metal bearing are hardly carried out nowadays. 
Though the MoM exhibits low wear volume, it generates a high concentration of metal ions. 
Nanoscale size wear particles of metals are believed to have adverse local tissue reactions 
comprising metal hypersensitivity and allergic reactions [79]. It causes pseudo-tumour, large 
effusion and/or periprosthetic bone resorption [79]. Increased metal ion concentrations in 
organs resulted in osteolysis, patient pain, and corresponding wear and failure of the implant 
[80]. CoCrMo releases Cr, Mo and Ni metal ions and forms a passive oxide layer in human 
body environment [81]. The corrosion products of CoCrMo have been identified as toxic to the 
human body [82]. Therefore, Ti alloys are considered more reliable for hip implants 
considering the toxicity of other metal bearings. 
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 Surface modification of biomaterials has improved multi-functionality, tribological and 
mechanical properties as well as biocompatibility of artificial devices while avoiding the need 
for substantial development costs in terms of money and time [83]. It changes the 
physiochemical properties of materials, such as surface charge, energy and composition. 
Optimal surface, physical and chemical properties could be achieved by altering the 
functionality of bulk materials. Wear rates of the implants can be reduced by making implant 
with high wear resistance materials. Researchers have developed new alloy materials in the last 
two decades that can resist wear [84-87]. Nevertheless, the physiological condition in vivo is 
different from in vitro condition. As a result, the success of the implant materials in vitro does 
not always bring success in clinical outcomes. It has been observed that highly resistant 
materials did not always perform well under physiological body fluids. To improve the implant 
quality and longevity, friction and wear reduction is the best solution. Surface modification 
technique is becoming an increasingly popular method due to its improved performance in 
implant applications [37, 88-90]. However, wear is still inevitable. Therefore, further 
development in surface modification technique is required to overcome the challenges of high 
friction and consequent wear. The following section will highlight the detailed description of 
different surface modification techniques for artificial hip implants. Recent studies and 
development on surface modification techniques will also be outlined. 
2.3.1 Surface texturing 
 Surface texturing technique has been introduced in implant design to get benefits of the 
lubricating effect. It was previously utilised on golf ball surfaces to improve their aerodynamic 
characteristics [91]. The spiral grooves were also produced on bearings to build up the pressure 
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to separate the bearing surfaces [92]. Surface texturing has now many applications in the field 
of tribology, optics, physics, energetics, biomedicine, electronics and metrology [93].  
 Surface texturing is popular in implant design due to its improved friction and 
tribological performances. This technique produces micro-textures on implant surfaces that 
comprises number of benefits over smooth surfaces— 1) acts as a lubricant reservoir [94], 2) 
increases the hydrodynamic pressure under sliding condition [95], 3) stores the produced wear 
debris or foreign materials in dimples [96], 4) decreases the contact area [97], and finally 5) 
minimises friction and wear [58]. The textured surface is very effective, especially in boundary 
and elastohydrodynamic regimes. Micro-dimples provide additional hydrodynamic pressure 
besides the pressure generated by natural mechanisms. Correct optimisation of its geometrical 
parameters initially confirms micro-dimples functionality. Nevertheless, the influence of 
dimples quality is not avoidable. Fig. 2.1 (a) and (b) show the application of surface texturing 
on articulating femoral head and surface morphology of different types of fabricated textured 
surfaces respectively. 
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Fig. 2.1 a)The application of Surface texturing technique on femoral head surface [98] and b) 
surface morphology of different types of fabricated textured surface [60]. 
2.3.1.1 Recent studies of surface texturing for improved tribological performance 
 Tribological performance of an implant surface does not depend only on the surface 
texturing technique but also on the geometrical parameters, such as dimple diameter, depth, 
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shape, pattern and density [99]. Roy et al. [58] revealed that dimple diameter of 400 µm with 
15% density showed the enhanced friction and wear performance compared to other geometries 
(diameter: 300 µm or 400 µm and density: 5% or 10%). They revealed that large-sized dimple 
with high density reduced friction and wear. Conversely, Huang et al. [100] reported the 
enhanced lubricating effect of the small size dimple with high pore density due to the uniform 
distribution of lubricant in micro-dimples. The lubricant squeezes out from dimples to 
minimise the sliding contact under loading conditions. However, surface roughness could be 
increased with dimple density. As a result, surface defects possibly increased due to the 
production of more micro-dimples. There is a chance of high friction and fatigue wear if the 
surface defects increase subsurface stress. Keneta et al. [101] observed the reduction in local 
film thickness due to the increase in dimple depth. Thus, the low film thickness led to high 
friction coefficient and consequent wear. Circular shaped dimples are commonly applied 
because it can be easily fabricated with high precision. Ito et al. [102] investigated the 
tribological performance of circular textured Co-Cr-Mo surface and observed a 17% reduction 
in friction and a 36% polyethylene wear reduction. A regular shape such as ellipse with a round 
or curved edge was observed to minimise the friction and to enhance load carrying capacity 
considerably vis-a-vis other shapes. 
 On the other hand, Shen et al. [103] reported significant improvement of tribological 
performance applying trapezoidal-like dimple during bidirectional hydrodynamic sliding. 
Researchers are trying to optimise the geometries of dimples using ordinary shape. 
Unfortunately, no unique approach had been developed to reduce friction and wear in view of 
geometries of dimples in past decades. Different researchers suggested different optimum 
geometrical characteristics that do not minimise the gap of understanding the influence of 
surface texturing for better tribological performances [104-107]. The operating conditions are 
also influential factors to optimise the surface texturing. The hydrodynamic pressure is 
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increased at high speed and low load conditions where maximum load is carried out by the 
operating fluid [108-110]. Textured surface provides additional support due to converging film 
thickness generated by hydrodynamic pressure at low speed and high load conditions, as a 
result, the surfaces do not come in contact. The ability to withstand the load, increases with 
increment of lubricant film pressure [111]. By contrast, the maximum load is carried out by the 
textured surface under high load and low-speed condition. In this condition, textured surface 
acts as a lubricant reservoir and a significant portion of the load is carried through the surface 
bearing contacts [111, 112]. 
 Interestingly, Yan et al. [113] reported that dimple density is the dominant factor 
independent of the different operating conditions. However, Ghosh et al. [114] revealed that if 
the textured surface was not good enough to support high load, then there is a significant 
increase in friction and wear with an increase in load. The textured surface produced wear 
particles that act as a third body in wear mechanism. The textured surface showed improved 
tribological performance under body oriented fluid compared to water lubricant, even at high 
load. Choudhury et al. [115] reported good load bearing capability of a dimpled surface in hip 
simulator study. They showed that the dimpled surface exhibits higher film thickness compared 
to the flat surface. The load is supported by the fluid hydrodynamic pressure.  
 Ghosh et al. [3] summarised the recent tribological studies of artificial implants on last 
12 years in Table 1 (details are provided in Appendix A) to present the effect of surface 
texturing for improvement of friction and wear performance. It indicates that laser surface 
texturing (LST) and computer numerical controlled (CNC) machining is more popular than 
electro-discharge machining (EDM) as a dimple fabrication technique. Textured surface 
showed a significant reduction in friction and wear in most literature reviews though the 
applied load was different in different studies. Hence, it is difficult to optimise the surface 
texturing by evaluating friction and wear rate under different loading conditions. Few 
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researchers suggested incorporating coating technique with texturing [114, 115]. The thin film 
coatings on the textured surface provided very low friction resulted in minimising the problem 
associated with primary high friction resulted from low contact width and wedge angle for the 
textured surface due to the line contact [116]. Recent studies revealed that DLC coated textured 
surface enhanced wear resistance properties of implant materials [1, 117]. He et al. [117] 
observed that DLC coated textured surface with a 24% dimple density exhibited higher friction 
but lower wear rate in comparison with a 44% dimple density. Both of them provided improved 
wear rate but higher friction than smooth DLC coated surface. It could be concluded that low 
friction is not always essential to reduce the wear rate. Choudhury et al. [1] showed that the 
enhanced friction and wear performance were independent on the textured surface. They 
concluded that DLC coated surfaces exhibited the lowest friction coefﬁcient and it was nearly 
the same for the dimpled and non-dimpled surface. Choudhury et al. [115] mentioned in the 
different study that DLC coated dimpled surface has dual benefits: DLC coated surface reduces 
the friction coefficient whereas dimpled surface improves the lubricating effect by enhancing 
the hydrodynamic lift between the sliding contact. 
 Overall, the surface texturing technique exhibited a significant reduction of friction 
coefficient for the implant surfaces. However, the wear rate is still significantly high for the 
textured surface. Fig. 2.2 shows the wear mechanism of implant surfaces in presence/absence 
of dimples. The wear debris generated due to the sliding of contact interfaces leads to increase 
of wear if the surface is not dimpled suitably. Scratch marks observed in Fig. 2.2(a) were due 
to the presence of wear particles on the contact interfaces and Fig. 2.2(b) shows that dimple 
depth was not sufficient to trap wear debris inside the dimples [118]. As a result, the wear rate 
increased with the sliding time as more debris was generated due to friction. Fig. 2.2 (c) shows 
that the proper dimple depth trapped the wear particles properly and thus reduced friction and 
wear of the contact interfaces.  
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Fig. 2.2 Wear mechanism for a) non-dimpled surfaces, b) low depth dimpled surfaces and c) 
high depth dimpled surfaces [118]. 
 Meng et al. [119] reported that the microscale flow vortex existing in dimple enhanced 
hydrodynamic pressure that could release the entrapped wear debris from the dimples. The 
effect of vortex flow could be minimised by increasing the dimple depth. Kai et al. [120] 
concluded that the effect of vortex flow becomes neutral at the deep zone of the high depth 
dimples and the velocity of the particles approached to zero at the centre of the dimples. Dimple 
with high depth could have an adverse effect on tribological outcomes by reducing the 
hydrodynamic pressure at the contact interfaces. In this case, the lubricating effect of the 
dimple would not be useful.  
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2.3.2 Surface coating 
 The application of surface coatings could improve wear resistant to artificial implants. 
The surface coating provides morphological (topographical design), physiochemical (changes 
to surface energy, charge, or composition), and biochemical adaptations (how the cells react) 
to existing bulk materials. It reduces adverse cellular response caused by generated wear 
particles and improves the useful life of the artificial implant. Various hard and wear resistant 
coatings, such as metal nitrides, carbides, carbonitrides, and DLC are applied on the surface of 
artificial implants. These coatings enhance the mechanical and physical properties, such as 
hardness, elastic strain and wettability of the surface [121, 122]. The improved wettability of 
the surface leads to low friction and consequently low wear of implant materials. Surface 
coating prevents the bulk surface from tribo-corrosion [123, 124]. The performance of the 
coated surface also depends on the coating deposition technique. An ideal deposition process 
can provide a quality surface with a dense homogenous coating surface and excellent 
permanent adhesion to the substrate.  
2.3.2.1 Recent studies of surface coating for improved tribological performance 
 Though metal on metal hip bearings reduced the linear wear about 40 times and 
volumetric wear about 200 times compared to metal on UHMWPE [125], the toxicity of 
metallic or UHMWPE debris limited their application in hip implants. Therefore, the surface 
coating has been introduced to avoid the adverse effect of a metallic surface. Coated surface 
provides a protective layer on the metal surface and improves the mechanical properties of the 
implant surface. Surface coating reduces surface roughness resulted in a reduction in friction 
and wear. It was pointed out that Ta coated on Co–Cr–Mo with 5–12 nm surface roughness 
displayed low wear rate in the range of 4×10−7 – 5×10−7 mm3 N−1m−1 [126] whereas Ta coated 
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on Co-Cr-Mo surface with a surface roughness of 40 nm exhibited a high wear rate in the range 
of 0.755×10−4 – 1.249×10−4 mm3N−1m−1 [127]. 
 Moreover, TiN coating with a high surface roughness of 169 nm exhibited the high 
wear rate at 6×10−4 mm3 N−1 m−1. It suggests that low surface roughness is essential to minimise 
friction and wear of hip implants. Low surface roughness leads to better surface wettability 
[128]. The surfaces with good wettability enhance lubrication and perform well even in absence 
of lubricant. DLC coatings had better wettability compared to GLC, Ta, TiN coatings.  
 Ghosh et al. [3] summarised the recent tribological studies of artificial implants on last 
12 years in Table 2 ( details are provided in Appendix B). The presented data shows the effect 
of surface coating on the improvement of friction and wear performance. It is noticed that there 
was no standardisation in the selection of experimental set-up, such as working load, contact 
pressure, frequency, testing lubricant, type of simulator, coating technique and thickness. In 
this situation, it is difficult to compare friction and wear results between different studies. 
However, the significant reduction in friction and wear value was obtained by the DLC coated 
surface. Magnetron sputtering method has been widely used in recent tribological studies. 
Another study conducted by Wang et al. [129] pointed out that CrN had better corrosion and 
wear resistance ability compared to TiN, TiA1N coatings under synovial body fluid.  
 Overall, DLC coating was superior in tribological performance under body fluid. The 
DLC (a-C:H /Ta-C) films significantly improved the surface hardness [1]. Fig. 2.3 shows the 
cross-sectional SEM images of deposited (a) a-C:H and (b)Ta-C DLC films on a stainless-steel 
substrate. 
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Fig. 2.3 Cross-sectional SEM images of deposited (a) a-C:H and (b) Ta-C on stainless steel [1]. 
 It is observed that Cr was used as an interlayer in both cases to provide strong adhesive 
strength and bonding between the steel and the carbon layers [130]. Researchers suggest that 
multilayer coating could improve the wear resistance of implant surface. The intermediate 
layers, such as chromium nitride (CrN), DLC and titanium nitride (TiN) increased the hardness 
of the implant surface. CrN increased the bonding strength between the coated material and the 
substrate [131]. UHMWPE is favourable as a top layer for its better wear resistance properties 
compared to other polymers [132]. Researchers recommend coating thickness over 1 µm 
including an interlayer because very thin DLC layers produced pinholes during sliding [61, 
133]. The working lubricant can penetrate through these pinholes and consequently, increase 
the corrosion rate. Thick DLC film associated with interlayer could protect coated surface from 
corrosion. Adhesion of DLC coated surface can also be improved by changing substrate surface 
preparation, introducing interlayers, such as CrN, N+ ion implantation or changing the DLC 
deposition parameters. It was reported that DLC associated with CrN provided the lowest 
friction between cemented carbide (WC) and Si(100) wafers because it increased corrosion 
resistance and adhesion of the coated layer [129]. However, in some cases a slow crack 
advancement or interlayer dissolution results delaying delamination in corrosive media, such 
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as body fluid, leading good mechanical adhesion during normal delamination tests [134]. 
Ghosh et al. [114] reported the significant reduction in friction and wear for DLC coated 
dimpled surface is independent of lubricating environment. The study reported that the dimpled 
surface acted as a lubricant and wear debris reservoir while DLC coated surface improved the 
mechanical properties. Therefore, DLC coated dimpled surface exhibited improved 
tribological performance. Conversely, Choudhury et al. [1] found a negligible difference in 
friction coefficient between dimpled and non-dimpled surfaces, but a-C:H coated surface 
exhibited the lowest friction coefficient in comparison with dimpled and non-dimpled. Fig. 2.4 
summarises friction coefficient results for different prosthesis heads.  
 
Fig. 2.4 Friction coefficient results for different prosthesis heads [1]. 
 Fig. 2.5 illustrates surface morphology of coated surfaces at different conditions. Major 
drawbacks of the DLC film was early delamination in vitro test due to poor adhesion [23]. Film 
transfer was observed in Fig. 2.5 (b) due to the graphitisation of the DLC coating, which was 
caused after a certain period of friction tests. The full delamination of the coated surface was 
witnessed at high load, Fig. 2.5 (c). The generated wear debris exacerbated the wear rate. The 
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gain pull out on deposited surfaces were also observed because of generating the large size 
wear particles under sliding contact (Fig. 2.5 (d)). 
 
 
Fig. 2.5 SEM images showing (a) as-deposited DLC-coated surface, (b) formation of film 
transfer due to load, (c) full delamination of coated materials at higher loads, and (d) wear 
track on dimpled area [114]. 
 
 Only a few clinical studies have been published on DLC coated bearing joints. The 
failure of the DLC coated surface in vivo caused by the crevice corrosion (CC) of the silicon-
based interlayer [61, 134]. Instability of the interlayer towards the CC leads to the delamination 
of DLC coating. Hence, selection of interlayer is an essential factor in reducing corrosion under 
corrosive media. Surface modification by only DLC coating is not good enough to resist wear 
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of artificial joints nevertheless well-designed structure of DLC coated surface with low residual 
stress could provide the barrier for corrosion as well as delay the delamination in vivo.  
 The combined effect of surface coating and surface dimpling was also analysed. 
Continuous sliding motion between contact interfaces generated heat, which lowered the film 
hardness [117]. The generated wear particles also lowered the graphitisation temperature 
resulting in adhesive wear by the graphitising transformation. The smooth DLC coated surface 
directed to increased abrasive wear (Fig. 2.6(a)) that could be minimised with the dimpled 
coated surface by trapping produced wear particles (Fig. 2.6(b)).   
 
Fig. 2.6 Cross-sectional schematic view of the wear mechanism model for (a) DLC-smooth, 
(b) DLC with high density (c) DLC with suitable density (d) DLC with low density [117]. 
 However, the dimples with high densities reduced the contact area and resulted in high 
contact pressure [117]. Dimples with low densities reduced the contact pressure as well as wear 
particles generation. The suitable dimples with low density and sufficient depth could minimise 
the graphitisation of coated surfaces (Fig. 2.6(c) & (d). The dimpled with coated surface would 
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be effective if the graphitisation of the coated surface could be prevented and wear debris 
generation could be minimised. Despite their significant improvement in friction results, 
further, wear resistance is expected for the longevity of the implant interfaces. Therefore, 
surface texturing and coating technique are still under investigation to improve wear 
performance for implant applications. 
2.3.3 Surface grafting 
 The surface properties and its bulk properties play a significant role in success or failure 
of implant devices. The surface properties, such as wettability, chemical composition, 
softness/stiffness, porosity and roughness are vital factors for the performance of a material in 
a range of biological environment [135]. Nowadays, polymers are used as biomaterials. The 
bulk properties of polymers, such as conductivity, strength,  stiffness and general resistance to 
deterioration, are considered for selection of polymer in biomedical applications [136]. The 
low molecular weight proteins start adsorbing on implant surfaces after implantation of 
biomaterials in a biological environment. The high rate of protein adsorption could result in 
high friction. However, protein adsorption depends on chemical composition, surface 
roughness and wettability of the surface.  
 Noteworthy, surface modification technique, such as polymer grafting is effective to 
avoid biofilm formation; thus, protects the surface from biofouling. It improves the wettability 
of the surface and provides an excellent hydrophilic surface. The polymer surfaces possess 
brush like hydrophilic structure that is assumed to be similar to the articular cartilage. The 
cartilage surface also shows the hydrophilic nature due to its water-soluble macromolecules 
[137]. These hydrophilic macromolecules stimulate fluid film formation and reduce the friction 
of the joints [138]. Fig. 2.7 shows the formation of a hydrated thin layer on polymer grafted 
CLPE surface. 
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Fig. 2.7 Schema of a THA with the PMPC-grafted CLPE liner. A transmission electron 
microscope (TEM) image of the surface is shown on the right. Orange and blue lines 
indicate the PMPC layer and the liner surface, respectively [33]. 
 It demonstrates that the grafted surface is mimicking the articular cartilage in 
physiological condition. Few researchers reported extremely hydrophilic polyelectrolyte brush 
surfaces exhibited high lubrication characteristics under water lubricant [139, 140]. Two 
grafting methods are commonly followed to graft flat surfaces. The “grafting to” approach 
could be used in physical polymer coatings, such as spin and dip coating [26]. It promotes poor 
adhesion between the coated materials and the substrate. The coated materials could dissolve 
in biological environments because the biological fluid acts as a good solvent for coated 
polymers. Conversely, “grafting from” synthesise high-density polymer brushes. These 
polymer brushes can change their conformation varying with graft density in solvents [141]. 
Fig. 2.8 shows that the grafted polymer conformation depends on the density of polymer chains. 
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The polymer structure seems to be like a mushroom at low graft density, and it turns into a 
brush-like structure at high graft density. It confirms their high thickness with increasing graft 
density that can vary from nanometres to micrometres. The polymer thickness for “grafting 
from” method is comparatively higher than that of “grafting to” method. Moro et al. [33] 
grafted the CLPE using PMPC. This PMPC grafted surface reduced protein adsorption. It 
exhibited strong covalent bonding between the PMPC and CLPE to improve weight bearing 
capacity. The low friction coefficient and nearly zero wear rates were reported in recent studies 
of PMPC grafting on CLPE surfaces [28, 142-144]. 
 
Fig. 2.8 Graft polymer conformation at various densities of polymer chains [26]. 
2.3.3.1 Recent studies of surface grafting for improved tribological performance 
 Surface grafting is a new technology developed to graft polymer on to the implant 
surfaces in order to achieve high lubricity, low friction and consequent wear. Few types of 
research have been conducted on polymer grafting in the field of joint implants. Ghosh et al. 
[3] summarised the recent tribological studies of artificial implants on the last 12 years in Table 
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3 (details are provided in Appendix C), this table presents the effect of surface grafting on the 
improvement of friction and wear performance. Standard experimental set-up, such as working 
load, contact pressure, frequency, testing lubricant, grafting technique, grafting thickness and 
type of simulator has been maintained between these studies. Different monomers, such as 
oligo(ethylene glycol) monomethacrylate (OEGMA), 2-(N, N-dimethylaminoethyl) 
methacrylate (DMAEMA) and 2-(methacryloylethyl) phosphoric acid (MPA) were used for 
grafting implant surface to improve tribological performances in previous studies [26, 29]. 
Kyomoto et al. [29] investigated the tribological performance of various polyelectrolyte-
grafted CLPE samples under different lubrication conditions. Fig. 2.9 summarises dynamic 
friction results of various polyelectrolyte-grafted CLPE samples. The polyelectrolyte-grafted 
CLPE samples exhibited a lower friction coefficient than the untreated CLPE sample in all 
lubricants. No significant difference was observed between the lubricant for POEGMA-grafted 
and PMPC-grafted surface where PMPC provided the highest lubricity for the implant. 
However, the PDMAEMA-grafted surface exhibited a higher coefficient of friction in BS 
lubricant compared to water and SBF lubricants. Because, positively charged -NH+(CH3)2 
group of PDMAEMA attracted the negatively charged molecules in SBF. It increased the 
protein adsorption and resistance to motion [145]. 
 Conversely, the negatively charged PMPA attracted the positively charged molecules 
and deterred negatively charged molecules and resulting shrinkage or bridging of negatively 
charged polyelectrolyte chains in a solution of positively charged inorganic ions [146]. It 
reduced the mobility of polymer chains and increased the resistance to sliding motion. Fig. 2.9 
illustrates that PMPC grafted CLPE exhibited the lowest friction coefficient in all lubrication 
conditions. The zwitterionic PMPC-grafted surface attracts the water molecules and resists 
protein molecules and positively charged inorganic ions. As a result, it reduced protein 
adsorption as well as adhesive interaction between the implant interfaces. 
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Fig. 2.9 Coefficient of dynamic friction of polyelectrolyte-grafted CLPE samples under various 
lubrication conditions. Data are expressed as means ± standard deviations. * Indicates p < 0.05, 
** indicates p < 0.01, and N.S. indicates no statistical difference [26]. 
 Recently, Takatori et al. [63] investigated a biocompatible and highly hydrophilic 
surface via nano-meter scaled grafting of PMPC onto CLPE. PMPC-grafted surfaces captured 
water molecules and reduced the friction between the bearing surfaces via hydration-
lubrication mechanism [29]. They revealed that the PMPC grafted layer (100–150 nm in 
thickness) is mimicking hydrogel structures of articular cartilage and provides hydrophilicity 
and lubricity without affecting the physical or mechanical properties of the CLPE substrate. 
Also, they reported that  PMPC-grafted particles were biologically inert and did not cause 
consequent bone-resorptive responses, indicating that this technique prevented wear particle 
production and biological reactions to these particles in THA [63]. Moro et al. [33] reported 
that PMPC-grafted CLPE surface significantly reduced the wear particles generation and the 
effect of the PMPC grafting was maintained through 70 million cycles. Yarimitsu et al. [34] 
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investigated the influence of dehydration and rehydration on the tribological performance of 
the PMPC-grafted CLPE surface and found no significant effect on reducing friction 
coefficient.  
 Similarly, vitamin E blending did not make any differences in friction results over the 
PMPC-grafted surface [142]. PMPC grafted CLPE receiving gamma-ray irradiation showed 
higher ultimate tensile strength and elongation than those receiving non-extra or plasma 
irradiation [144]. Conversely, work to failure of PMPC grafted CLPE with gamma-ray 
irradiation was significantly lower than those receiving non-extra or plasma irradiation. 
Plasma-irradiated PMPC-grafted CLPE showed significantly higher impact strength than those 
in the gamma-irradiated sample. Though PMPC-grafted CLPE liner treated with extra 
irradiation of plasma irradiation or gamma-ray exhibited no significant differences in 
wettability and wear resistance properties, the plasma irradiation showed improved oxidation 
resistance as compared to that treated with gamma-ray irradiation after accelerated aging. 
 Recently Takatori et al. [63] reported the clinical success of PMPC grafted liner after 7 
years post-surgery. No osteolysis and revision surgery were reported, and no adverse effect 
related to implanted liner was observed. However, cobalt–chromium (Co–Cr) or cobalt-
chromium-molybdenum (Co-Cr-Mo) alloy was used as head material in recent studies against 
PMPC grafted CLPE liner [27-29, 31, 33, 63, 142-144]. The metal ions such as Cr, released 
from these types of orthopaedic implant, had been linked to an increased risk of cancer and 
allergic problems. In addition, the weight gain was observed due to the absorption of water by 
CLPE material regardless of grafting conditions [143]. Wear debris from CLPE materials could 
initiate an inflammatory response followed by prosthetic loosening and eventually, cause 
osteolysis. Therefore, suitable material selection is crucial for an ideal hip implant. More 
research could be conducted using this surface modification technique that would possibly 
apply on any polymeric materials, composites, metals and ceramics. This technique provides 
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good mechanical properties, no toxicity to the body and could also minimise the problem of 
water absorption by implant material. In most cases, 26-28 mm diameter femoral head had 
been used. The larger diameter head with small radial clearance should be evaluated to identify 
the clinical utility of PMPC grafted joint surfaces. Previous researchers [26, 34, 144] only 
investigated the friction behavior; nevertheless, film thickness measurement could reveal the 
actual lubrication condition under different dynamic load conditions. The film formation 
behavior for different lubricants between head and cup material under dynamic loads and 
lubrication mechanism of polymer-grafted material could be investigated in presence of body-
oriented fluid resembling of physiological joint interface. 
 Conventional orthopaedic implants are manufactured through machining metal rods, 
casting or forging, which usually requires post-processing, to develop stability and to enhance 
osseointegration [147]. The surface modification techniques, such as surface treatments, 
texturing, coatings or another porous part are generally applied to improve the stability and to 
enhance the osseointegration of the implant surface [148]. Conventional techniques, such as 
casting, vapour deposition plasma sintering, and furnace sintering are commonly used to 
fabricate another porous layer onto conventional orthopaedic implants. The major issue of these 
porous layers is random porosity that could not be controlled because of the constraints of the 
fabrication process. Fig. 2.10 presents some examples of a porous surface on implants for 
conventionally manufactured implants. Multiple stages of post-processing increase both time 
and costs in case of conventional implant fabrication techniques. Most importantly, the 
conventionally fabricated implants do not have the structural characteristics of human bone. In 
some cases, it might resemble the overall shape of the bone but still unable to represent complex 
microstructure of human bone. Therefore, the inability to achieve interconnected pores at an 
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optimal porosity level and controlled porosity of the conventional methods, arises the need for 
alternatives in implant fabrication technique.  
 
Fig. 2.10 Porous surfaces of implants for (a) acetabular cup, and ((b) tibial tray with zoomed 
in images of uncontrolled porosity [149]. 
 In recent years, additive manufacturing techniques are introduced to fabricate 
biomaterials that produce objects in a layer-by-layer approach using CAD models [150, 151]. 
AM especially SLM technique is performed in an inert gas filled or vacuum chamber which 
ensures high purity through minimisation of oxygen in the environment and reduction of the 
risk of hydrogen pickup. SLM technique can control the microstructure of the products by 
controlling processing parameters. SLM eliminates the expensive tooling and moulds, and as 
a result, minimise production cost and time. The interconnected pores allow tissue-ingrowth, 
which prevent implants loosening from surrounding tissues [152]. The major advantage is that 
SLM can combine different materials, which helps to develop new biomaterials suitable for 
specific applications. A wide range of materials, such as polymers, metals and ceramics are 
currently processed using SLM technique [153-157]. Ti6Al4V is widely used for body 
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prostheses and implants due to its good biocompatibility, superior corrosion resistance and high 
mechanical strength [9, 158]. 
 The current challenge with the AM process is relatively high surface roughness (> Ra 
15 µm) of the parts due to the presence of partially-melted particles left on outer surfaces during 
fabrication [159, 160]. These outer surfaces experience different cooling rates due to the heat 
transfer from the melted part straight to the powder bed, and these areas do not undergo re-
melting cycles from subsequent layer laser penetration. As a result, partially melted particles 
exhibit high surface roughness. Adverse biological responses, such as inflammation and 
osseointegration could be occurred due to high surface roughness [161, 162]. The high surface 
roughness has a direct adverse effect on the tribological performance of the hip implants. 
Vaithilingam et al.[163] revealed that high surface roughness is responsible for localised 
osteolysis because partially melted detach from Ti6Al4V surface after implantation if it is 
applied without surface finishing. 
 Researchers are trying to improve the surface finish of AM fabricated parts by applying 
different surface finishing techniques, such as polishing, micro-machining, machining blasting, 
vibratory grinding, laser ablation and chemical etching [164-169]. Electropolishing and 
sandblasting are less useful for AM parts as it is difficult to remove finishing products. 
Moreover, sandblasted parts exhibit impregnated blast media in the form of AlOx elements, 
which decrease the oxide layer stability [163]. A combination of sandblasting and chemical 
etching was found to be effective for SLM Ti6Al4V parts with Ra of approximately 4 µm. 
Sandblasting removed the partially melted particles, and subsequently, chemical etching 
removed the blast media from the surface [167]. Bagehorn et al. [170] reported smoothest 
surface finish using milling method compared to vibratory grinding, blasting and micro-
machining. It enhanced the fatigue performance of the SLM Ti6Al4V. Mohammad et al. [168]  
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noticed promising results on electron-beam manufacturing (EBM) Ti6Al4V using laser 
ablation method.  
 All of these surface finishing techniques are generally line-of-sight dependant, as a 
result, many difficulties could arise in proper finishing of complicated internal structures, such 
as pores and lattices. Recently Wangsgard et al. [171] reported sterilisation processes could be 
useful for complicated internal structures. In this study, ethylene oxide gas sterilisation was 
applied for surface finishing of AM parts. They found the γ irradiation is the most favourable 
for sterilisation of complex internal structures, voids and intricate geometries without leaving 
behind by-products. However, the release of Al and V ions are found to be strongly cytotoxic 
and could cause long-term health problems [172]. Prevention of these adverse metals ions from 
reacting with biological fluids are paramount importance for the long-term success of AM 
Ti6Al4V implants. 
 A thin protective layer on the surface of SLM Ti6Al6V implants could bring a 
remarkable improvement in implant research. From a comprehensive literature review, it is 
known that PMPC has numerous advantages for implant applications. PMPC is highly 
lubricated, and its phospholipid like layer mimics the articular cartilage. Despite the significant 
advancements in PMPC grafting on CLPE substrate, no study reported the PMPC grafting onto 
the surface of SLM Ti6Al4V substrates. Polymer grafting to metal substrate is challenging. 
Polymer can be grafted onto polymer substrate by activating the reaction sites of monomer 
under UV irradiation [27-30, 33, 142, 143, 173-175], but in case of metal substrate, it is not 
possible to graft the polymer on metal substrate. Metal substrate requires to produce 
intermittent media to react with polymer chains. This study will develop the polymer grafting 
onto metal substrate introducing exothermic reaction on metal substrate to form peroxide 
radicals that can act as an intermittent media for covalent bonding between polymer and metal 
substrate. As discussed earlier, Ti6Al4V has numerous advantages as implant materials, but 
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the problems associated with the SLM fabrication technique are needed to be addressed. 
Polymer grafting onto AM Ti6Al4V is challenging considering few factors such as high surface 
roughness, uncontrolled cell attachment due to presence of partially melted particles. These 
particles may detach from the implant in biological media after implantation, which might have 
adverse effect on health conditions. The attachment of PMPC on to the surface of SLM 
Ti6Al4V substrates can prevent the risk of metal ions dissociation. Moreover, polymer grafting 
techniques using UV irradiation could improve surface finishing of AM parts resulted in 
minimising the surface roughness of the implants. Controlled cell adhesion is another important 
factor for smooth motion of hip joint. Therefore, PMPC thin layer could tailor the physical and 
mechanical properties of the SLM Ti6Al4V implants. To our knowledge, no studies have been 
carried out to develop polymer grafting onto SLM Ti6Al4V implants. Therefore, the 
development of polymer grafting, and optimisation of polymerisation parameters is an 
important aspect in biomedical research, and this remains a significant research gap.  
 A literature review of surface modification technique of different implant surfaces has 
revealed that surface modifications have a significant influence on enhanced tribological 
performances for different applications and operating conditions. In last two decades 
substantial developments have been achieved from fundamental understanding, design of new 
and improved implant surfaces, for both in vivo and in vitro applications. The literature 
concludes the following: 
• Surface modification technique, such as surface texturing and coating significantly 
reduced the friction coefficient, and improved the tribological performance of the 
implants but, the high wear rate limits use of these techniques under loading conditions.  
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• Another surface modification technique known as surface grafting revealed a 
significant improvement in tribological performance using PMPC. The PMPC grafted 
surface layer was found to act as effective lubricants that could mimic the articular 
cartilage in physiological conditions. It exhibited a significant reduction in friction 
coefficient in comparison to the textured or coated surfaces and provided almost zero 
wear rates in hip simulator studies. The recent study reported the clinical success of 
PMPC-grafted surface. It is now clearly understood from a comprehensive literature 
review that the polymer grafting technique can be the best surface modification 
technique considering the tribological performance of hip implants.  
• Additively manufactured Ti6Al4V implant is favourable nowadays due to its intrinsic 
internal structures resemble human bones. However, the high surface roughness is a 
major drawback for AM parts in the long-term success of the implant.  
• PMPC grafting could be a possible solution to enhance the functional life of the AM 
Ti6Al4V implants. The effects of PMPC layers on the surface and mechanical 
properties yet to be studied.  
 In this project, polymer grafting technique will be applied to graft the polymer to the 
surface of AM Ti6Al4V implants. Different grafting techniques will be examined, and the 
polymerisation parameters will be optimised. The influence of PMPC layer on cell adhesion 
resistance will also be evaluated. The effect of PMPC layer on mechanical and thermal 
stability will be investigated. Finally, a theoretical model will be designed to predict the 
lubrication mechanism for PMPC grafted SLM Ti6Al4V implants.  
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CHAPTER THREE: MATERIALS AND METHODS 
 This chapter describes the materials and the experimental techniques that have been 
used to characterise the PMPC grafted Ti6Al4V implant surfaces. This chapter is divided into 
eight key sections. Section 3.1 outlines the chapter overview, introduction. Section 3.2 
discusses the details of the materials that have been used in this project. Section 3.3 describes 
the details of SLM Ti6Al4V samples fabrication process and polymer grafting techniques. 
Section 3.4 explains the experimental techniques used for characterisation of PMPC grafted 
surfaces. Section 3.5 highlights the polymer characterisation techniques. Section 3.6 describes 
biological response evaluation techniques. Section 3.7 explains the mechanical and tribological 
properties evaluation techniques. Section 3.8 presents the statistical analysis procedure. The 
characterisation methodologies performed for each study have also been discussed in detail in 
the relevant chapters.  
3.2.1 Ti6Al4V powder 
 Ti6Al4V powder (ASTM Grade 23, ELI, TLS Technik GmbH & Co., Bitterfeld-
Wolfen, Germany), size 25-45 µm, was used to fabricate the implants by SLM technique. The 
composition of Ti6Al4V powder is presented in Table 3.1.  
Table 3.1 The chemical composition of ELI Ti6Al4V powder. 
Chemical composition (wt.%) 
Ti Al V Fe C N O H 
balanced 6.47 4.08 0.17 0.008 0.009 0.1 0.002 
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3.2.2 MPC monomer  
 MPC monomer powder (Product no: 730114-5G) was purchased from Sigma Aldrich. 
MPC powder contains <= 100 PPM Mono Methyl Ether of Hydroquinone (MEHQ) inhibitor. 
Therefore, MPC monomer inhibitor removers (Product no.: 306312-12EA) were commercially 
supplied by Sigma Aldrich to remove inhibitor from the monomer.  
3.2.3 Chemicals  
 Ethanol, Acetone, Cyclohexane and Isopropanol (Sigma-Aldrich, Australia) was used 
as the dispersant solvent for the sonication of all samples. Kroll’s reagent was prepared using 
2% hydrofluoric acid (HF), 10% nitric acid (HNO3) and 88% dH20. Sulfuric acid (H2SO4) 
(Sigma-Aldrich, Australia) and hydrogen peroxide (H2O2) (Sigma-Aldrich, Australia) was 
used to prepare a piranha solution for exothermic reaction.  
3.3.1 SLM Ti6Al4V implant 
 Rectangular Ti6Al4V implants with dimensions of 8 × 6 × 3 mm (XYZ) were fabricated 
by SLM technique using Ti6Al4V powder. An SLM Solutions (SLM250HL) system was used 
to fabricate 3D printed implants at Advanced Manufacturing Precinct (AMP) ˗ RMIT 
University. The powder bed was preheated to 200°C, and the building chamber was purged 
with argon until the oxygen level was reduced to 100 ppm prior to the SLM process. The 
selected SLM processing parameters are presented in Table 3.2. 
Table 3.2 Process parameters for SLM-used to fabricate Ti6Al4V implant. 
Material 
Laser 
power, 
P (W) 
Laser Energy 
density,γ 
(J/mm3) 
Focal 
offset 
distance 
(mm) 
Hatch 
spacing 
h (mm) 
Scan 
speed,v 
(mm/s) 
Layer 
thickness,t 
(µm) 
Relative 
density 
(%) 
Ti6Al4V 173 68.5 2 0.12 710 30 99.10 
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 Half of the samples from each batch were polished following standard grinding and 
polishing procedures to distinguish the effect of surface geometry on different surface 
properties. At first, grinding was subsequently performed using papers 200, 600, 800, 1200. 
Then, samples were polished using 1, 6 microns diamond particles with an automatic polishing 
machine. Finally, OP-S was used at sliding speed of ~50 rpm for at least 10 minutes to achieve 
the final mirror-polished samples. After polishing, all samples were cleaned using acetone and 
ethanol.  
3.3.2 Polymer grafting process 
 Prior to the grafting process, all Ti6Al4V implants were cleaned in acetone bath 
followed by cyclohexane and isopropanol bath, for 10 min. All steps were done in a sonication 
bath to speed up the cleaning process. Then Kroll’s reagent was used to remove the non-
uniform oxide layer. The samples were placed in Kroll’s reagent for 3 min followed by cleaning 
with dH2O for 5 times (10 min for each time) to make sure there is no HF or HNO3 left on the 
surface of the sample, then dried under lab environment. A monomer solution with a required 
concentration was prepared by diluting in dH20. Hydroquinone and monomethyl ether 
hydroquinone inhibitor was removed from the monomer solution during the purification 
process using an inhibitor column [176]. 
 The dried Ti6Al4V samples were immersed in a Piranha solution (sulphuric acid 
(H2SO4)/hydrogen peroxide (H2O2) 10:20 v:v) to form functional groups, peroxide radicals, on 
the surface. First, samples were immersed in 10 mL H2SO4 (100%), and stirred for 1 min, 
followed by addition of 20 mL H2O2 (30%) with a further 3 min of stirring. The color of the 
solution was altered due to an exothermic reaction. In the second step, samples were rinsed 
with dH2O prior to immersion in a monomer solution. At last, the samples in the monomer 
solution bath were exposed to thermal/UV irradiation to start polymerisation by activating the 
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reaction sites of monomer. The details of the thermal/UV irradiation will be discussed in the 
experimental section of Chapter four.  
 Different types of analytical tools were used to characterise the surface of polymer 
grafted samples. The chemical and physical bonding between PMPC and Ti6Al4V surfaces 
were evaluated. The surface roughness, chemical composition on the surfaces, wettability and 
polymer film thickness were also characterised.  
3.4.1 Surface morphology 
 FEI Quanta 200 ESEM (2002) and FEI Nova NanoSEM (2007) was used to compare 
the morphology of untreated, and PMPC grafted, surface treated by different grafting methods 
and polymerisation parameters. Prior to analysis, sputter coating was done on non-conducting 
polymer grafted samples. Samples were mounted on an aluminium stub using carbon tape to 
attach firmly during imaging. The surface morphology of the control surfaces was compared 
to treated surfaces to evaluate the changes caused by polymer grafting. Constant acceleration 
voltage, spot size and magnification were maintained before collecting the image to keep 
consistency between different sets of samples. 
3.4.2 Surface roughness 
 3D optical profiler (ContourGT-Bruker) was used to measure the surface roughness of 
all samples. The 3D surface roughness pattern was also obtained for a thin top layer of the 
sample surface by laser scanning. The in-built software within the 3D optical profiler 
(ContourGT-Bruker) was used for data processing and acquisition from the equipment. The 
details of surface topography will be discussed in the relevant chapters. 
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 Tencor profilometer was also used to measure the average surface roughness of the 
sample. It performs a line scan about 5 mm of the sample. The line scan was performed 5 times 
on each sample, and the average of surface roughness has been calculated for repetitive 
measurements. The surface roughness values were compared for the results obtained from 3D 
optical profiler and Tencor profilometer. 
3.4.3 Energy-dispersive X-ray spectroscopy (EDS) 
 FEI Quanta 200 ESEM (2002) with Oxford X-MaxN 20 EDXS detector (2014) was 
used to analyse the micro-topography of untreated and polymer treated Ti6Al4V surfaces. The 
instrument was operated at 5 KV to 15 KV to determine the EDS spectra. The scanning was 
continued until a stable value was achieved. The mapping procedure was carried out for 30 min 
on each sample to identify the elemental composition of the micro-level thickness of the 
surface. The line mapping continued until a stable value was achieved. Each sample was 
repeated 5 times at different scanning areas for better accuracy in results. The Aztec software 
was used to analyse the EDS data.  
3.4.4 X-ray photoelectron spectroscopy (XPS) 
 A Thermo K-Alpha XPS instrument was used to analyse the several nanometers of the 
top surface of all samples. The probing spot size used for these experiments was 400 µm. At 
least two spots for each sample were analysed for XPS experiments. Survey spectra were 
obtained in a constant analyser mode at pass energy of 100 eV, and high-resolution spectra 
were collected at pass energy of 20 eV. Advantage software was used for data acquisition and 
processing. The compositional analysis was carried out by adding an average peak and peak 
fitting.  
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3.4.5 Fourier transform infrared spectroscopy (FTIR) 
 A Perkin-Elmer 2000 infrared spectrometer was used to analyse the chemical bond 
between polymer grafting and substrate. The FTIR spectra were obtained for 32 scans at a 
resolution of 4 cm-1 over a range of 400-2000 cm-1. Background spectra were obtained before 
the actual analysis. Then the inclination angle of the measured surface was adjusted for high 
energy before scanning the surface. The functional group vibrations and stretches of the 
untreated and polymer treated surface were analysed at different wavenumbers of FTIR spectra. 
The inbuilt software was used for processing the acquired spectra. At least three measurements 
were done for each sample.  
3.4.6 Water contact angle measurement 
 Contact angle instrument (Data Physics OCA20) to measure the contact angle on 
untreated and polymer treated samples by a sessile drop method [177]. The 2µL drop was used 
for each measurement. A droplet of 2µL was deposited by a syringe which was positioned 
above the sample surface. The measurement was done once the stable value was achieved. A 
high-resolution camera captured the image from the side view. The image was then analysed 
using image analysis software. Measurements were done on various areas of the samples to 
confirm the uniformity of the surface. 
3.4.7 Thickness measurement of polymer grafted layer  
 A thin film analyser (F40-Filmetrics) instrument was used to measure the layer of 
grafted polymer. The instrument was first calibrated using silicon reference wafer plus 18KA 
SiO2/Si test wafer. The refractive index was assumed to be 1.50 for MPC polymer [178]. The 
baseline was selected for untreated surfaces before the film thickness measurement. The 
reflectance spectrum was obtained in a given wavelength range. The inbuilt software with the 
instrument can determine the thickness of multiple thin films by analysing the reflectance 
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spectrum. At least 7 spots were selected for each sample to be measured and the average of 7 
data was reported as the thickness of the polymer grafted layer.   
3.5.1 Nuclear magnetic resonance (NMR) spectroscopy analysis 
 The degree of polymerisation rate was characterised using NMR spectroscopy (Bruker 
Avance III 300 MHz NMR spectrometer). PMPC were dissolved in D2O and shaken gently to 
ensure that all materials had dissolved before the NMR measurement. The NMR tube 
containing dissolved PMPC was placed in the NMR spectrometer for the measurement. After 
the NMR measurement, the spectrum was processed and assigned the peaks. The different 
peaks were correlated to the NMR shifts using a suitable program.  
3.5.2 Gel permeation chromatography (GPC) analysis 
 The molecular weights and polydispersity were examined by GPC experiment. GPC 
was performed on Water Associates Liquid Chromatograph system (Waters 2695) equipped 
with a differential refractometer and four micro-Styragel columns (105, 104, 103 and 100 Å). 
The mobile phase buffer was prepared with Milli-Q water, 200 mM sodium nitrate, 10 mM 
sodium phosphate and 200 ppm sodium azide. Then it was filtered through a 0.45 µm filter and 
injected at a flow rate of 1 mL/min at 30°C. The system was calibrated with narrow disperse 
polyethylene glycol/oxide (PEG/PEO) standards (Polymer Laboratories) ranging from 615 to 
1,378,000 g mol-1, and molar masses are reported as PEG/PEO equivalents. 
3.5.3 Thermogravimetric (TGA) analysis 
 Thermal degradation as a function of monomer concentration was investigated using 
TGA. Perkin Elmer Pyris 1 TGA thermogravimetric analyser (USA) was used for TGA 
analysis. The inert N2 gas flow rate of 10 ml/min was set to provide the appropriate 
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environments for the test. Approximately 5 mg were placed in the specimen holder, and the 
furnace was raised. Initially, the samples were kept in the furnace until a stable weight reached, 
and initial weight reading was set to 100%. The temperature was scanned from 25°C to 800°C 
at 10°C-min-1 under a nitrogen purge of 10 ml/min, switched to air with the same flow rate at 
700°C. The TGA was calibrated using Curie temperature standard and a references mass. The 
mass loss after switching to air was due to combustion of carbon residue formed during the 
scan. The results were represented using Origin software and represented as a mass fraction 
and its derivative with time as a function of temperature. Three measurements for each set of 
samples were performed under the same operating conditions. Three measurements for each 
set of samples were performed under the same operating conditions.  
3.5.4 Differential scanning calorimetry (DSC) analysis 
 DSC (Perkin–Elmer Pyris 1) was used for the analysis of heat generation over increased 
temperature for pure PMPC. Sample was thoroughly dried, and weighted (approximately ~ 3-
5 mg) and placed in a hermetic aluminium pan. The empty pan was used as a reference. The 
sample pan was placed on a sample slot, and a reference pan was placed on a reference slot 
before initiating the heating program. The samples were heated from 20°C to 200°C at a rate 
of 10°C.min-1, under a nitrogen flow of 20 mL/min. The instrument was calibrated for 
temperature using indium and lead, for enthalpy using indium and a furnace calibration was 
performed according to the manufacturer recommendation. A baseline with matched empty 
pan was used to convert the data to heat capacity curves for comparison of curves. DSC 
experiments were repeated 3 times for each set of samples, and average result was reported. 
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 The biological response of PMPC grafted surface was evaluated from cell culture study. 
Cell culture was carried out to investigate the effect of PMPC grafting on cell growth and 
attachments. Four types of samples were selected: (1) as-built untreated, (2) polished untreated, 
(3) as-built polymer treated, and (4) polished polymer treated. The cell response of CHO cells 
was examined on the treated and untreated samples, as they are the most common mammalian 
cell line used for human applications [179, 180]. These cells allow post-translational 
modifications to recombinant proteins which can function in humans [181].  
 In this study, CHO cells were grown in MEMα modification and the media was 
supplemented with 10% Fetal Bovine Serum, and 1% penicillin and streptomycin. At first, 
CHO cells were seeded onto the samples at a concentration of 4x104 cells/cm2. After 24 and 
72 hours of incubation at 37 °C, the samples were rinsed with PBS two times and fixed using 
4% paraformaldehyde (Sigma-Aldrich) for 30 min at room temperature. The samples were then 
rinsed twice with PBS and divided into two batches. PBS was employed in the first batch, held 
at 4°C for later confocal microscopic analysis (N-STORM SuperResolution/Confocal 
microscope). The second batch was sequentially dehydrated using 50%, 70%, 90% and 95% 
ethanol solution for 10 min each and then with 100% ethanol for 15 min. After this dehydration 
was completed, the samples were allowed to dry overnight in a fume hood for subsequent SEM 
imaging. 
3.7.1 Mechanical properties evaluation 
 Nanoindentation studies are useful to evaluate the effect of thin PMPC layer on 
mechanical properties of polymer grafted surface [182]. The nano-mechanical properties of the 
fabricated samples such as penetration depth, hardness and reduced elastic modulus were 
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measured using a Hysitron TI-950 Tribo-indenter (Hysitron Inc., USA) with a diamond 
Berkovich tip. Penetration depth comparisons were performed by indenting to a maximum load 
of 500 μN on each sample. Hardness and Young’s modulus mapping was also performed by 
indenting in a 20 x 20 array on each sample, with a separation of 10 μm between each indent 
(sufficient to avoid any effect of residual stresses from the neighbouring indents). Each indent 
was loaded over 10 s, held at maximum load for 10 s, then unloaded over 10 s. The maximum 
load within each array was linearly increased from 5 μN - 1000 μN. The Oliver and Pharr 
method [183] was used to calculate indentation hardness and Young’s modulus, from the 
load/unload curves. 
 The relationship between reduced elastic modulus, indenter’s contact area and stiffness 
from unloading curve is given by: 
𝐸𝑟 =
𝑆√𝜋
2√𝐴
     (3.1) 
where Er is the reduced elastic modulus. 
The Young’s modulus (E) of the sample is calculated by the following formula: 
1
𝐸𝑟
=
1− 𝜗2
𝐸
−
1−𝜗𝑖
2
𝐸𝑖
     (3.2) 
Where, 𝜗 and E are the Poisson’s ratio and Young’s modulus of indented sample, respectively 
while 𝜗𝑖 and Ei are the corresponding values for indenter. For the diamond indenter tip used in 
this study, 𝜗𝑖 and Ei are 0.07 and 1141 GPa [184], respectively. 
 Cyclic loading up to a maximum load of 1000 µN was performed using a 5 µm radius 
spherical tip. Stress-strain curves were calculated from the collected data using the method 
detailed by Field and Swain [185]. The strain value was calculated for the penetration depth 
area at maximum load of 1000 µN, and then the stress-strain curve was plotted to compare the 
elasticity of untreated and polymer treated surfaces. 
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3.7.2 Scratch test 
 Nano-scratch tests were carried out to investigate the effect of PMPC film on the scratch 
resistance of Ti6Al4V substrate. A TI950 Nanoindenter (Hysitron Inc., USA) equipped with a 
1 µm diameter spherical tip was used to conduct the nano-scratch test with a progressively 
increasing load. A 10 µm long scratch was performed over 15 s while the applied load on the 
tip increased linearly to a maximum load of 0.5 mN (0.033 mN/s) and 2 mN (0.133 mN/s). The 
displacement of the indenter was constantly monitored during the test. Scanning probe 
microscopy (SPM) was performed on 12 μm×12 μm square areas to get the topography of the 
sample after scratch testing.  
3.7.3 Tribological properties evaluation 
 Triboindenter was used to evaluate the nano-tribological performance of PMPC grafted 
implants. Wear analysis was conducted using a Cube Corner indentation tip under three 
different loads. Loads were selected based on trial and error nanoindentation method for 
performance evaluation of polymer grafted samples. The different loads; 20 µN, 60 µN and 
100 µN were applied as low, medium and high loads, respectively. Wear tests were carried out 
at least on 10 different areas of samples with 3 repetitions on each selected area. SPM was 
performed on affected areas to compare the topography of the sample after wear testing. 
 The IBM SPSS statistics 21 software was used to perform statistical analysis and 
determine whether there is any significant difference in the subsets of experimental data. For 
this purpose, a two-way ANOVA analysis of variance was performed on all subsets of data in 
each experiment to compare samples. In this project, statistical analyses were performed on 
surface roughness, polymerisation rate, water contact angle, hardness, Young’s modulus and 
film formation results.  
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CHAPTER FOUR: DEVELOPMENT OF POLYMER 
GRAFTING TECHNIQUE ONTO THE SURFACE OF 
TITANIUM SUBSTRATE 
 This chapter presents the novel technique of developing polymer grafting onto the 
surface of a 3D printed metal substrate. In this study, a combination of several relevant surface 
characterisation techniques such as SEM, surface topography, EDS, XPS, and FTIR analyses 
were performed to well-understand the production process of different polymer grafting 
techniques, and finally, it helped in optimising the grafting techniques. Overall, this study 
fulfils the objective 1 (as stated in section 1.6) and answers the research question 1 (as stated 
in section 1.5) of this project. 
 This study aimed to develop a new method of grafting surface of selective laser melted 
titanium alloy (SLM Ti6Al4V) with PMPC, to improve the surface properties and 
biocompatibility of the implant. PMPC was grafted onto the surface of SLM Ti6Al4V, through 
three techniques as follows; ultraviolet (UV) irradiation, thermal heating both under normal 
atmosphere and UV irradiation under N2 gas atmosphere.  
 
 
 
 
 
 
 
*This work has been published in Journal of the mechanical behaviour of biomedical materials.  
Ghosh, Subir, Abanteriba, Sylvester, Wong, Sherman and Houshyar, Shadi. "Selective laser melted 
titanium alloys for hip implant applications: Surface modification with new method of polymer 
grafting." Journal of the mechanical behaviour of biomedical materials 87 (2018): 312-324. 
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Results demonstrated that a continuous PMPC film on the Ti6Al4V surface was achieved 
through the UV irradiation under nitrogen atmosphere technique, due to the elimination of 
oxygen from the system. As indicated in the results, one of the advantages of this technique 
was the presence of phosphorylcholine, mostly on the surface, which demonstrated that the 
polymer chains had been successfully anchored onto the surface of Ti6Al4V. Filmetric analysis 
identified the highest polymer film thickness for the surface grafted using UV irradiation under 
a nitrogen atmosphere. Therefore, this technique has been considered as optimal grafting 
technique considering surface morphology, film composition and thickness of the grafted layer.  
 Ti6Al4V samples were fabricated at 0° inclination with respect to the building direction 
using the SLM technique. The details of materials and SLM fabrication process were discussed 
in Chapter three. Prior to the grafting process, multistage of chemical washing and treatments 
were conducted, details are in Chapter three. 0.4M monomer concentration was used for this 
study, which was prepared by diluting in dH2O. Hydroquinone and monomethyl ether 
hydroquinone were removed from the monomer solution during the purification process using 
an inhibitor column. The different steps of polymer grafting process onto SLM Ti6Al4V 
substrate are shown in Fig. 4.1. In this study, three different grafting methods were investigated 
for the optimisation process. In method 1 (M1), the treated samples were immersed in the 
monomer solution and kept in a chamber under UV irradiation for 1 hour under a normal 
atmosphere. In method 2 (M1), the treated samples were immersed in the monomer solution 
and heated to 60°C under a normal atmosphere for 15 hours. In method 3 (M3), the process 
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was similar to method one, but the process was carried out under a nitrogen atmosphere to 
eliminate oxygen. 
 
 
Fig. 4.1 Graphical representation of polymer grafting process onto the surface of SLM 
Ti6Al4V.  
 
N2 gas bubbling was carried out for 30 min before immersing the samples and continued 
for a further 10 min after immersing the samples in the monomer solution, Fig. 4.2.  
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Fig. 4.2 Graphical representation of N2 gas bubbling (degassing) for method 3. 
 A closed balloon was used during UV irradiation to ensure the absence of oxygen in 
the system. UV irradiation and thermal heating were carried out to initiate polymerisation by 
activating the reaction sites of monomers. A UV curing flood (SUNRAY 400 SM) source 
with100 mW/cm2 was used for photo-irradiation. Finally, the polymer grafted samples were 
immersed in distilled water and kept overnight to remove all unpolymerised monomer residues. 
The washed samples were cleaned in ethanol and dried under nitrogen before storing for further 
investigation. The samples were labelled as follows: non-polished control surface (as-built), 
polished surface, non-polished surface treated after polymer grafting method 1 (UVNP-M1), 
polished surface after polymer grafting method 1 (UVP-M1), non-polished surface after 
polymer grafting method 2 (THNP-M2), polished surface after polymer grafting method 2 
(THP-M2), non-polished surface after polymer grafting method 3 (UVNP-M3), polished 
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surface after polymer grafting method 3 (UVP-M3). The non-polished untreated Ti6Al4V 
substrate was used as a control surface in this study. The experimental condition of all samples 
is summarised in Table 4.1.  
Table 4.1 The experimental condition of all samples. 
Type of sample Treated method Activation method Polymerisation condition 
as-built untreated - - 
polished untreated - - 
UVNP-M1  method 1 UV irradiation atmospheric 
UVP-M1 method 1 UV irradiation atmospheric 
THNP-M2 method 2 Thermal heating atmospheric 
THP-M2 method 2 Thermal heating atmospheric 
UVNP-M3 method 3 UV irradiation N2 gas atmosphere 
UVP-M3 method 3 UV irradiation N2 gas atmosphere 
 
 The SEM machine was operated at a high voltage (HV) power supply of 15 KV under 
vacuum at spot size 5 for all samples. A Tencor profilometer and 3D optical profiler was used 
to measure the average surface roughness (Ra) of the samples scanning top surface. Various 
scanning areas, (~100×130 µm2) and (~240×320 µm2) were selected for non-polished and 
polished surfaces, respectively, to characterise the surface topography for different grafting 
techniques. The scanning lens has different magnification, and a small area was selected to 
obtain a 3D surface map from the surface. EDS analysis was carried out to analyse the micro-
topography and XPS analysis was performed to analyse the chemical composition of the top 1 
to 10 nm of the samples. The surface atomic compositions of the surfaces before and after 
polymer grafting were determined using XPS. FTIR analysis was undertaken to analyse the 
chemical bond between the grafted polymer and the substrate. A wettability measurement was 
carried out to measure the contact angle. The thickness of the polymer grafted layer was 
measured by Filmetrics analysis. Statistical analysis was performed on all subsets of data in 
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each experiment to compare samples. The details of the experimental procedure for surface 
characterisation techniques have been discussed in Chapter three. 
 In this study, MPC monomer was grafted to a surface of SLM Ti6Al4V by radical 
polymerisation. Covalent bonding formed between the free radicals on the Ti6Al4V surface 
and the polymer chain when the samples were immersed in a MPC solution [186]. Polymer 
grafting was not successful in M1 due to the presence of oxygen which inhibited the 
polymerisation of the MPC monomers. Furthermore, complete polymerisation with M2 
technique was achieved after 15 hours of thermal heating while polymerisation was completed 
after 1 hr of UV irradiation technique in method 3 (M3). Polymerisation under nitrogen 
atmosphere prevents oxygen from entering the polymerisation vessel during the preparation of 
the monomer solution. Polymer grafted samples prepared through M3 method was considered 
for EDS, XPS spectra.  
4.3.1 Surface characterisation 
4.3.1.1 Surface morphology 
 The surface morphology of as-built samples after polymer grafting is shown in Fig. 
4.3,. Fig. 4.3 (a) shows that the control sample has a rough surface with few partially-melted 
particles. After grafting the polymer to the surface, the surface looks smooth with small 
changes. Fig. 4.3(b), (c) and (d) show surface comparisons produced with different methods. 
Fig. 4.3 (b) shows no significant change in the surface morphology of the control and treated 
samples using method 1 while Fig. 4.3(c) and (d) show significant modifications in the surface 
morphology of the treated sample with methods 2 and 3 compared to the control and treated 
samples with method 1. The surface changes are more visible for the treated sample with 
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method 2 (Fig. 4.3(c)) than other methods. The grafted polymer in method 3 exhibited the best 
results (Fig. 4.3(d)), as the grafted layer appears more stable and continuous compared to the 
surfaces treated by method 1 and 2. 
 
Fig. 4.3 Surface morphology of a) as-built, b) UVNP-M1, c) THNP-M2 and d) UVNP-M3 
surfaces. 
 Fig. 4.4 compares the surface morphology of the polished samples before and after 
polymerisation. The grafted layer is thick and continuous for the sample treated with method 
3, UVP-M3, followed by THP-M2. Fig. 4.4(b) shows that PMPC did not cover most of the 
Ti6Al4V surface. This outcome suggests that the surface was not properly grafted, and 
polymerisation was terminated early due to the presence of oxygen during polymerisation. 
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Oxygen reacts with free radicals and prevents the polymer group to form permanent covalent 
bonding with functional groups on the surface of the sample [186]. 
 
Fig. 4.4 Surface morphology of a) polished, b) UVP-M1, c) THP-M2 and d) UVP-M3 
surfaces.  
4.3.1.2 Surface topography & roughness 
 Investigating the surface topography reveals how the polymer is grafted onto the 
surface of the substrate. A 3D optical profile presents a 3D pattern of the top micrometre area 
of the surfaces. It facilitates analysis of polymer distribution on the surfaces by measuring the 
surface roughness of the scanning area. Fig. 4.5 and Fig. 4.6 present the 3D topography for the 
non-polished and polished surfaces respectively. In Fig. 4.5, both UVNP-M3 (Fig. 4.5(d)) and 
THNP-M2 (Fig. 4.5(c)) show reduction in surface roughness compared to the control surface 
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(Fig. 4.5(a)), while UVNP-M1 displays a higher surface roughness compared to the control 
surface.  
 
Fig. 4.5 Surface topography of a) as-built, b) UVNP-M1, c) THNP-M2, and d) UVNP-M3 
surfaces. 
 Grafting was not uniform as it seemed that the monomer was merely attached to the 
surface. The non-uniform film in some areas resulted in higher surface roughness. Previous 
studies revealed a poorly attached layer delaminated at high loading due to the instability of 
the coated film [23, 24, 121, 147]. Permanent uniform grafting with low polydispersity is 
crucial for hip implant longevity. The reduction in surface roughness of UVNP-M3 followed 
by THNP-M2 confirmed that proper polymer grafting resulted in improved surface roughness 
for a control surface. 
 Fig. 4.6 presents different results compared to those found in Fig. 4.5. THP-M2 and 
UVP-M3 surfaces displayed higher surface roughness than the polished control surface. The 
polished Ti6Al4V surface had a very low surface roughness (29 ± 5 nm). However, after 
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polymer grafting, the surface presented a hydrated brush-like structure [26] which led to 
deposition of PMPC onto the mirror polished surface, increasing roughness. The increased 
surface roughness, in turn, could impact wettability and other surface properties that will be 
discussed later. 
 
Fig. 4.6 Surface topography of a) polished, b) UVP-M1, c) THP-M2 and d) UVP-M3 
surfaces.  
 Table 4.2 summarises the average surface roughness of all samples measured by the 
Tencor profilometer; the results followed a similar trend to 3D optical profiler results.  
Table 4.2 Average surface roughness measured by Tencor profilometer. 
Surface roughness (Ra) in µm 
as-built Polished UVNP-M1 UVP-M1 THNP-M2 THP-M2 UVNP-M3 UVP-M3 
4.755±1.05 0.029±0.01 3.517±0.85 0.226±0.10 2.114±0.75 0.271±0.05 2.306±0.65 0.343±0.25 
 This surface roughness results indicate that polymer grafting techniques significantly 
decreased the roughness of coarse surfaces while increased roughness of polished surfaces. It 
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can be seen from Fig. 4.6 (c) & Fig. 4.6 (d), that the grafted layer was not homogenous. A 
uniform layer is essential for the reduction of surface roughness and uniform load distribution. 
The non-uniform grafted layer seen on THP-M2 and UVP-M3 increased surface roughness 
significantly. Statistical analysis of surface roughness results shows significant (p<0.05) 
differences in average roughness over all samples. However, this variation was still low for the 
polished surface before and after polymer grafting (<400 nm). It is possible to reduce surface 
roughness below 400 nm for the polished grafted surface if a homogenous layer can be 
achieved. 
4.3.1.3 Energy-dispersive X-ray spectroscopy (EDS) analysis 
 EDS is an essential technique for compositional analysis. The main composition of 
PMPC (C, N, O, H, P, Si) and Ti6Al4V (Ti, Al, V) are different. Fig. 4.7(a-b) shows the EDS 
spectra for untreated, and PMPC treated surfaces. The peak for the phosphorous element was 
detected at 2 KeV binding energy for the treated surface, Fig. 4.7(b), due to the presence of a 
phosphorylcholine group in the PMPC. EDS spectra was obtained using the polymer grafted 
samples treated by M3 method. Elemental mapping exhibited the presence of Ti was dominant 
in the untreated surface while C was dominant in the polymer treated surface (Fig. 4.7(c-d)). It 
confirms that Ti6Al4V surfaces were covered by PMPC layer, therefore, the C composition 
increased in the treated surface due to the presence of PMPC. The line mapping results justified 
the previous consequence where a higher percentage of Ti and almost zero percentage of C 
were identified onto the untreated surface. Ti percentage decreased to almost zero on the 
polymer treated surface (Fig. 4.7(e-d)). It confirms the PMPC covered the of the surface of Ti 
substrate. Significant variation in C percentage after grafting proves that the fraction of 
polymer film was not uniform at different positions of the surfaces.  
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Fig. 4.7 EDS spectra of (a) untreated and (b) polymer treated surfaces. Inset is the SEM image 
of the scanned area and corresponding elemental distribution of major element of Ti and C for 
(c) untreated and (d) polymer treated surfaces. The line mapping results of weight percentages 
over the distance for (e) untreated and (f) polymer treated surfaces. 
4.3.1.4 X-ray photoelectron spectroscopy (XPS) analysis 
 The XPS analysis is a reliable technique in investigating the outermost surface of the 
polymer grafted layer on a nano-scale. Fig. 4.8 presents XPS spectra for major elemental 
composition of implant surfaces before and after polymer grafting. XPS spectra was obtained 
using the polymer grafted samples treated by M3 method. Characteristic peaks of Ti6Al4V 
were obtained at 458.8 eV and 74.8 eV for Ti2p and Al2p [187-189]. However, these peaks were 
disappeared after polymer grafting, due to the coverage of the surface with PMPC. New peaks 
fol all PMPC treated surface was observed at 403 eV, 103 eV, and 134 eV, were observed due 
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to the presence of N1s, Si2p, and P2p respectively. These peaks are specific to the 
phosphorylcholine groups in the MPC, which became remarkable for PMPC surface produced 
by method 3, due to the higher number of phosphorous atoms presented on the surface [190-
192]. The peaks in the carbon atom region (C1s) at 286.5eV and 289 eV, indicate the ether bond 
(C-O-) and the ester bond (C=O) respectively. These findings concurred with the previous 
studies [174, 175]. 
 
Fig. 4.8 Surface analysis of the PMPC grafted Ti6Al4V by XPS, The disappearance Ti2p, Al2p 
peaks and the appearance strong N1s, Si2p and P2p peaks specific to the PMPC, after polymer 
grafting imply the PMPC was grafted successfully onto the surface of SLM Ti6Al4V. 
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 The high-resolution XPS spectra of Ti2p are presented in Fig. 4.9 in order to be able to 
compare the various grafting methods. The strongest Ti2p peak was detected for the untreated 
surface followed by the treated surface using method 1 and method 2 respectively. However, 
no Ti2p peak was detected for the treated surface using method 3, indicating a continuous and 
thick PMPC layer grafted on to the surface. The elimination of oxygen in this method resulted 
in high yield polymerisation on the surface of SLM Ti6Al4V implants. 
 
Fig. 4.9 XPS high-resolution Ti2p spectra after grafting with different methods, (a) as-built, 
surface grafted by (b) method 1, (c) method 2, and (d) method 3.  
 The relative atomic percentages for elemental compositions are summarised in Table 
4.3. A high percentage of C, O is detected for untreated surfaces, because bulk Ti6Al4V reacted 
with air, forming oxide and carbide depending on the atmospheric conditions [193]. During the 
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SLM process, the presence of carbon dioxide could not be controlled, resulting in an unknown 
quantity of carbon in the manufacturing environment. The results from this study concurred 
with the one obtained by a previous study on SLM Ti6Al4Vs [158, 163]. The lowest amount 
of Ti was detected for the sample grafted with M3, followed by M2 and M1, respectively.  
Table 4.3 Relative atomic percentages of elements determined using XPS for untreated and 
treated samples. 
Relative atomic (%) 
Type of 
sample 
Al2p C1s N1s O1s P2p Si2p Ti2p V2p 
as-built 5.8±1.5 33.5±3.5 2.6±0.7 38.5±3.9 0.1±0.1 0.5±0.09 15.5±7.8 3.5±1.2 
Polished 5.7±1.5 34.5±3.7 3.3±0.1 32.8±3.2 0.1±0.1 0.3±0.05 18.4±4.2 4.9±1.5 
UVNP-M1 2.4±0.9 45.5±4.5 4±1.5 37.9±4.5 5.6±1.5 0.6±0.07 3.9±2.4 0.1±0.1 
UVP-M1 0.2±0.1 48.4±4.5 4.5±1.5 29.8±3.1 6.7±1.5 0.1±0.09 10.2±3.5 0.1±0.1 
THNP-M2 5.6±1.5 45.5±4.3 4.9±1.6 27.2±2.5 4.6±1.5 3.1±1.50 1.4±0.2 7.7±2.5 
THP-M2 5.6±1.5 46.6±5.7 4.7±1.4 26.1±2.9 7.1±1.5 1.7±0.07 0.4±0.1 7.8±4.9 
UVNP-M3 2.4±0.8 51.3±6.5 6±1.2 22.6±1.8 6.2±1.5 3.8±1.80 0.7±0.1 7±3.5 
UVP-M3 1.9±0.7 52.6±3.4 7±1.6 22.1±1.9 8±1.9 1.5±0.80 0.2±0.1 6.7±3.7 
 These results support previous data obtained by EDS. XPS provided the information at 
the nanometer scale of the MPC grafted layer. The absence of Ti peak indicates a continuous 
grafted layer achieved by method 3. The other polymer elements (P, Si, N) were also found in 
greater amounts using method 3. There was a significant difference (p<0.05) in atomic 
percentages of the elements for various grafting methods, but there is no significant difference 
(p>0.05) between unpolished and polished grafted surfaces in each method. 
4.3.1.5 Fourier transform infrared spectroscopy (FTIR) analysis 
 In a more in-depth analysis, FTIR transmission peaks provide more information about 
the functional group due to the molecular vibrations. The peaks for nitrogen and phosphate 
groups were detected only for UVNP-M3 (Fig. 4.10(a)) and UVP-M3 (Fig. 4.10(b)).  
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Fig. 4.10 FTIR spectra of polymer grafted surface under different grafting methods (a) non-
polished polymer grafted surfaces and (b) polished polymer grafted surfaces.  
MPC has phosphorylcholine in its side chains. The strong phosphate (P=O) group 
spectra for the surface grafted by method 3 confirmed that the polymers were anchored 
successfully onto the substrate. The presence of –N+(CH3)3 and P=O bonding confirms the 
existence of phosphorylcholine in the grafted surface. The phosphorylcholine moiety in the 
MPC units has a significant effect on reducing unfavourable protein adsorption and inhibiting 
cell adhesion [194]. High blood compatibility of the MPC polymer was reported in a previous 
study [195]. The MPC polymer grafting on the surface of Ti6Al4V implants was effectively 
performed using method 3. Kyomoto et al.[30] also reported the strong bonding of phosphate 
(P=O) and ketone group (C=O) for MPC grafting onto the CLPE. Although thermal heating 
(method 2) showed significant positive results in the EDS & XPS analysis, no strong polymer 
peaks for P=O or C=O bonding were detected for THNP-M2 and THP-M2 in FTIR analysis. 
After PMPC-grafting by method 3, the peaks attributed to the MPC unit were clearly detected 
in both XPS and FTIR spectra of the PMPC-grafted Ti6Al4V. 
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4.3.2 Wettability 
 The water contact angle value indicates the wettability properties of the surface. It was 
reported that the water contact angle was high for a surface with high roughness and 
hydrophobic nature [24, 196]. Table 4.4 presents the measured contact angle for all samples. 
In this table, most of the surfaces displayed hydrophilic nature except for the surface grafted 
by method 1. It was expected that MPC grafting would improve wettability, but no significant 
difference (p>0.05) was observed between polished and grafted polished surfaces. 
Nevertheless, the water contact angle was reduced significantly for THNP-M2 and UVNP-M3 
compared to the as-built control surface. These results concurred with the surface roughness 
results in Table 4.2.  
Table 4.4 Average contact angle for untreated and polymer treated samples by different 
grafting methods. 
Water contact angle in degree 
as-built polished UVNP-M1 UVP-M1 THNP-M2 THP-M2 UVNP-M3 UVP-M3 
84.3±5 70.6±4 92.4±5 88.2±4 72.9±4 71.5±3 75.2±05 74.1±4 
 As-built sample surface showed a relatively high hydrophobic nature compared to the 
polymer grafted surface using method 2 and 3, due to high surface roughness and non-
uniformity of the grafted layer. On the other hand, grafting MPC onto the surface of THNP-
M2 and UVNP-M3 reduced surface roughness significantly (p<0.05) and resulted in improved 
surface wettability. However, the surface of polished Ti6Al4V was super-hydrophilic due to 
its low surface roughness (29±5 nm) and uniformity of the grafted layer. Surface roughness 
increased significantly for UVNP-M3 followed by THP-M2 after polymer grafting, which 
could be due to the non-uniformity of the grafted layer. As grafting was conducted by radical 
polymerisation, there was less control over the length of the grafted chain. Previous researchers 
have reported a 33 % reduction in contact angle of CLPE grafted surface with MPC in 
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comparison with untreated one [30]. CLPE is a hydrophobic material, and Ti6Al4V is 
hydrophilic [23]. Furthermore, the surface roughness of CLPE was found to be a few times 
higher than that of the Ti6Al4V surfaces. Fig. 4.11 presents the water drops interaction onto 
the untreated and PMPC treated surface. It shows that better interaction of water and PMPC 
grafted surface (contact angle ̴ 76°) compared to untreated surface (contact angle ̴  85°) because 
of the hydrophilic nature of the PMPC. Therefore, it attracts water molecules and consequently, 
the proteins present in biological fluids. 
 
Fig. 4.11 Water-surface interaction for (a) untreated and (b) PMPC treated surface. 
 Improved wettability properties could be attributed to the homogenous grafted layer. 
The water molecules of a lubricant in the biological environment could have been attracted by 
the hydrophobic part of the hydrated MPC polymer. The unfavourable protein adsorption could 
be controlled if the implant surface is modified using the MPC polymer. Because the water 
state of the MPC grafted surface is naturally maintained, preventing the protein molecules from 
releasing the bound water molecules [128, 197, 198]. Therefore, water molecules cannot be 
interchanged between the polymer grafted implant and protein. The poor interaction is expected 
between grafted implants and blood components due to the hydration properties of the MPC 
polymer. 
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 The protein adsorption is the initial indication of implant biocompatibility when the 
implants come in contact with physiological fluids. These protein adsorptions have both 
positive and negative effects on implants. The soft protein such as serum albumin can be easily 
adsorbed on to the metallic interfaces [199]. The adsorbed proteins form a protective layer, 
between the contacting interfaces, is considered as a driving force to improve the wear 
resistance of the implant. Favourable protein adsorption assists in improving the tribological 
behaviour of the implant in a physiological condition. However, these proteins are displaced 
by larger and unfavourable proteins due to the Vroman effect [200]. These proteins would 
affect contacting shear stresses changing the native surface behavior of the surface. The larger 
protein could interact with the implant materials and inhibit their original tribological 
performances. The larger sized non-specific proteins could increase the friction coefficient and 
consequently the wear rate of the implant. These proteins can initiate the inflammatory 
response that leads to platelet adhesion and thrombus formation, which indicates the 
unfavourable protein adsorption will lead to poor osseointegration of the implant. Controlled 
protein adsorption is important to maintain the biocompatibility and wear resistance of the 
implant. The hydrophobic surface is thought to be responsible for adsorbing a higher amount 
of proteins on the surfaces. The non-specific interaction and adsorption of protein onto the 
implant interfaces in the biological environment can be controlled by grafting the surface by 
MPC polymer which is known as a hydrophilic polymer. The MPC grafted surface alters the 
surface sensitivity and controls the interaction with proteins. Researcher revealed that that the 
free water fraction is 70% at equilibrium wet state for MPC polymer surfaces whereas; it is 30-
40% for orthodox hydrophilic polymers [201]. The water faction is very important to repel the 
undesired proteins in contact with the implant. Since, the MPC grafted surface maintain 
hydrophilic properties, only soft albumin protein could adsorb on the surface which is crucial 
for enhanced wear resistance and perfect osseointegration of the implant. In this study, the 
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wettability results indicated that the MPC grafted surfaces would inhibit adsorption of non-
specific proteins and maintain the biocompatibility by adsorbing only limited albumin proteins. 
The tribological and osseointegration behaviour has been improved after PMPC grafting.  
4.3.3 Thickness of grafted polymer layer 
 The thickness of the grafted polymer layer is important in evaluating uniformity. The 
thickness of the grafted polymer was measured from the reflectance of the surface over 
wavelength. The polished grafted surface exhibited higher reflectance, Fig. 4.12(b), compared 
to the as-built grafted surface, Fig. 4.12(a), due to its mirror-polished characteristics.  
 
Fig. 4.12 Filmetrics spectra of polymer grafted layer for (a) non-polished polymer grafted 
surfaces and (b) polished polymer grafted surfaces. 
 The high thickness of the grafted layer was achieved using method 3, Table 4.5. A 
similar grafting thickness (100-200 nm) was reported on the CLPE substrate [27, 173]. Table 
4.5 illustrates that grafting on a rough surface (as-SLM surface) tends to generate thick grafted 
layer. The surface is comparatively more inhomogeneous for rougher surfaces than polished 
surfaces. As a result, the surface area is higher for non-polished surfaces than polished surfaces. 
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More polymer chain can attach to the rough surface during polymerisation. Therefore, the non-
polished surface has comparatively higher polymer thickness surface than the polished surface. 
Table 4.5 Thickness of PMPC grafted layer for different grafting methods. 
Type of sample Grafting Thickness (nm) 
UVNP-M1 65 ± 20 
UVP-M1 60 ± 15 
THNP-M2 125 ± 30 
THP-M2 105 ± 20 
UVNP-M3 221 ± 80 
UVP-M3 175 ± 60 
 
 The thickest layer (221 ± 80 nm) of the grafted polymer was achieved by non-polished 
grafted surface using method 3. It is well known that PMPC has brush-like structures which 
facilitate smooth motion during contacting of two interfaces due to its hydrophilic properties. 
The thicker polymer layer has several benefits for tribological performance, such as preventing 
the implant interfaces from boundary contacts and minimising the coefficient of friction. 
However, the homogenous layer is also important to achieve low friction and high wear 
resistance of polymer grafted surface because the homogenous surface could lead to uniform 
load distribution on the surface resulted in higher wear resistance. Though the thickest grafting 
layer was achieved using grafting method 3, followed by method 2 and method 1, respectively, 
the grafted layer was not homogeneous. Variation in grafting thickness was maximum in 
method 3. Further study should be conducted to optimise monomer concentration and 
irradiation time. The homogeneity of the grafted layer is essential for good wettability and high 
biocompatibility.  
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 In this study, a novel approach for grafting PMPC to the surface of SLM Ti6Al4V 
implants was investigated using diverse grafting techniques. Key findings are summarised as 
follows:  
• The surface morphology confirmed that the best and most uniform grafted layer was 
achieved by polymerising using UV irradiation technique under a nitrogen atmosphere 
to prevent early termination due to present of oxygen.   
• The hydrated PMPC layer minimised the surface roughness significantly on the as-built 
control surface, though a certain rise was observed on the polished surface due to its 
very low surface roughness.  
• XPS and EDS spectroscopy confirmed a continuous PMPC layer on the surface of 
Ti6Al4V. The FTIR analysis demonstrated that the polymer chains had been 
successfully anchored onto the surface of Ti6Al4V using method 3, as there were strong 
peaks for P=O and C=O groups in FTIR analysis.  
• There was no significant difference in atomic compositions of non-polished and 
polished grafted surfaces.  
• The thickest layer (221 ± 80 nm) of the grafted polymer was achieved on the surface of 
the non-polished implant using method 3. However, the homogeneity of the grafted 
layer should be optimised for better wettability. 
A homogenous and uniform hydrated layer of PMPC layer on the surface of SLM Ti6Al4V hip 
implants could minimise unfavourable protein adsorption and improve resistance to bacterial 
adhesion and cell attachment. 
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CHAPTER FIVE: THE EFFECT OF MONOMER 
CONCENTRATIONS ON POLYMERISATION RATE AND 
SURFACE PROPERTIES  
 This chapter discusses the effect of MPC concentrations on polymerisation rate, 
polymer chain length and other surface properties of PMPC. Different characterisation 
techniques were applied to optimise the polymerisation parameters. In this study, a 
combination of several relevant surface characterisation techniques, such as SEM, NMR, 
surface topography, GPC and FTIR were performed to evaluate the effect of polymer grafting 
on the surface of Ti6Al4V and optimising the polymerisation parameters. The effect of PMPC 
layer on resistance to cell adhesion was also analysed. Overall, this research fulfils the objective 
2 and 3 (as stated in section 1.6) and answers the research question 2 and 3 (as stated in section 
1.5) of this project. 
 The objective of this study was to optimise the polymerisation parameters considering 
polymerisation rate, chain length and surface properties. Previous studies used monomer 
concentration at 0.5 M for grafting PMPC onto CLPE substrate [27, 28, 30, 173-175]. Other 
group used it at 0.7 M for grafting poly(sodium styrene sulfonate) (polyNaSS) onto titanium 
substrate [35, 186]. 
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No study investigated whether the monomer concentrations have any effect on the physical and 
mechanical properties of the surface. Therefore, three different concentrations of MPC 
monomer, 0.4 M, 0.6 M and 0.8 M were examined to determine the influence of monomer 
concentrations on polymerisation rate, chain length, and surface properties of the implants. 
Samples grafted with 0.6 M monomer concentration showed more uniform surface and less 
surface roughness in comparison with other samples and untreated Ti6Al4V surfaces. 0.6 M 
concentration was found to be the optimal concentration for grafting PMPC to the hip implant 
interfaces considering their polymerisation rate, surface properties and the existence of 
polymers onto the grafted surface.  
 Moreover, cell study on optimal surfaces revealed that PMPC grafted surfaces prevent 
the implant interfaces from uncontrollable cell attachment which is of utmost importance in 
smoothing the motion of the hip implant under cyclic loading. Overall, the PMPC grafting 
demonstrated the potentiality of its application onto the surface of the SLM Ti6Al4V substrate 
for improved hip arthroplasty performance. 
 SLM technique was used to fabricate the Ti6Al4V implants. The building direction was 
90° for the SLM process. The conversion of monomer to polymer was characterised by NMR 
spectroscopy. FTIR analysis identified chemical bonds and functional groups in the structure 
of both untreated and PMPC treated implant. The PMPC curve for 0.6 M concentration has 
been used in the FTIR results to compare with the grafted polymers. The polymerised PMPC 
was collected after polymer grafting and dried at 60° C in the oven. The dried PMPC was used 
as control PMPC in FTIR results. GPC examined the molecular weights and polydispersity. 
SEM imaging was performed at an acceleration voltage of 10 kV in a low vacuum mode with 
a spot size of 5. A 3D optical profiler was used to evaluate the surface roughness of PMPC 
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grafted surfaces. The green illumination was used, which is helpful when measuring very rough 
surfaces (it is easier to find the height from a longer signal when the data is noisy). Vertical 
Scanning Interferometry (VSI) was performed with 5X speeds. VSI measurements were set at 
increased parameters for back scan ( ̴ 180 µm) and scan length ( ̴ 150 µm) to account for the 
longer fringe envelopes. The stitching procedure was applied to scan the whole surfaces with 
20% overlapping for each area. To determine the surface roughness of the specimen, 3D optical 
profiler scanned the top surface and 3D surface topography was obtained from in-built software 
(Vision64). The tilt position was corrected for plane fit followed by S parameters - height 
calculations [202]. The average surface roughness was calculated for the measurements of 5 
samples. The statistical analysis was performed to determine whether there are any significant 
differences regarding surface roughness amongst a different group of samples. Cell was 
cultured on untreated and PMPC treated samples to investigate the influence of PMPC layer 
on resistance to cell attachment. The details experimental procedures have been presented in 
Chapter three. 
5.3.1 Structural analysis of polymers 
 NMR analysis was carried out to confirm that monomers were being polymerised 
successfully. Fig. 5.1 shows the 1H NMR spectra of the MPC monomer and polymer. NMR 
was used to confirm polymerisation. The peaks are labelled to corresponding hydrogen atoms 
on the MPC structures. The MPC monomer displayed signals at δH 5.66 and δH 6.09 which are 
characteristic of the terminal alkene hydrogen atoms (labelled 1 on structure) [203]. Once the 
MPC monomer polymerised, the terminal alkene signals decreased significantly in size, which 
was the point of polymerisation (Fig. 5.1). This is due to the alkene hydrogen atoms in 
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monomer being converted to a methylene group in the polymer. This change to a methylene 
group gave the hydrogen atoms a new chemical shift which appeared approximately at δH 1.88. 
 
Fig. 5.1 NMR peaks for (a) MPC monomer and (b) PMPC. The NMR peaks changed 
significantly after monomer being converted into polymer. 
Comparison of the areas of the alkene and methylene type hydrogens was used to calculate the 
degree of polymerisation using the following equation: 
Degree of polymerisation (%) =
area of methylene protons
∑ areas of alkene and methylene protons
× 100             (5.1) 
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 The degree of polymerisation for each sample is summarised in Table 5.1. The 
polymerisation rates of more than 95% indicate that monomer was being converted into 
polymer successfully. The results also show that despite the changes in the concentration of 
MPC, there was no significant (p > 0.05) change in the degree of polymerisation.   
Table 5.1 Degree of polymerisation for different monomers’ concentration. 
Monomer concentration Degree of polymerisation (%) 
0.4 M   97 
0.6 M   97 
0.8 M   95 
 The FTIR spectra for different monomer concentrations are shown in Fig. 5.2, and 
agreed with the NMR observations. The polymer grafted samples for different monomer 
concentrations exhibited similar bonding to control PMPC. The shift for C-H in methylene and 
methyl groups in alkanes was intense, which confirmed the change of the alkene to alkane 
during polymerisation. The peak for P=O groups at 1285 cm-1 confirmed the presence of the 
phosphorylcholine group on the surface of SLM Ti6Al4V substrate which is essential for 
preventing unfavourable protein adsorption and uncontrollable cell adhesion [194]. The peak 
for C-O groups at 1190 cm-1 indicated the ester group in polymer chain [204]. The stronger 
FTIR peaks (P=O and C=O) for 0.6 M samples compared to the grafted samples indicate that 
more polymer chains were anchored onto the substrate than the other two samples. This result 
could be attributed by the uniform distribution of the polymer layer on a metallic substrate. 
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Fig. 5.2 FTIR spectra for different polymer grafted samples. The presence of –N+(CH3)3 
and P=O bonding confirms the existence of phosphorylcholine in the grafted surface. 
The GPC results for the different monomer concentrations are presented in Table 5.2. 
It is clear that the molecular weight of the grafted polymer increased with the increase in the 
monomer concentration. The highest monomer concentration achieved the longest polymer 
chain with the maximum molecular weight, 0.8 M, followed by 0.6 M and 0.4 M respectively. 
The surface with the higher number of polymer chain attached to the implant surface is more 
favourable for this application than longer polymer chain, as it has more surface coverage.  
Table 5.2 GPC results for the average molecular weight of different polymer samples. 
Sample 
Molecular Weight-Number 
Average (Mn) 
Molecular Weight-Weight 
Average (Mw) 
Polydispersity 
(Mw/Mn) 
0.4 M 75551 308449 4.082674 
0.6 M 82081 342295 4.170216 
0.8 M 122426 469831 3.837683 
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5.3.2 Effect of polymer grafting on surface morphology and roughness 
 Fig. 5.3 presents the surface morphology of untreated and PMPC treated surfaces. The 
partially-melted particles were clearly visible on untreated surfaces while the surface with 
grafted polymer showed less partially-melted particles. The best and uniform surface coverage 
was achieved for the 0.6 M samples followed by 0.8 M and 0.4 M samples. 0.6 M concentration 
provided full coverage of partially-melted particles. Conversely, coating the surface with 0.4 
M and 0.8 M monomer concentration resulted in partial coverage of the partially melted 
particles. Surface of the implant did not cover completely with polymer for the sample treated 
with 0.4 M monomer due to insufficient monomer and other hand, sample treated with high 
amount of monomer (0.8 M) was covered with long polymer chains, and the number of polymer 
chains did not increase in compared with 0.6 M sample. Our previous study also showed the 
non-uniform layers on the surface of Ti6Al4V for 0.4 M concentration due to low 
concentrations of monomer which failed to cover the whole area. When UV irradiation exposed 
on peroxide formed on the surface of Ti6Al4V in a monomer solution bath under nitrogen, 
makes the chemical bonding between surface and polymer, due to radial formation and 
polymerisation [35, 186]. FTIR spectra also exhibited stronger peaks (P=O and C=O) for 0.6 
M samples than other samples. Therefore, it can be concluded that 0.6 M is the optimal 
concentration considering their polymerisation rate, existence of polymers and surface 
uniformity. It is crucial to achieving a uniform and homogenous layer on the surface of the 
implant (or on the interface) to minimise friction and wear impact caused by high surface 
roughness of SLM printed Ti6Al4V implants.  
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Fig. 5.3 Surface morphology of untreated and PMPC treated surfaces.  
 The surface topography of untreated and treated surfaces is presented in Fig. 5.4. The 
untreated surface exhibited rougher surface (more red areas) than the polymer grafted surface. 
The 0.8 M treated surface showed dominant red areas resulted in high roughness among 
polymer grafted surfaces (Fig. 5.4(a)). The 0.6 M treated surface exhibited the surface is rough 
in few areas, but overall, the 0.6 M treated surfaces were found to be smoother compared to 
other surfaces. Surface morphology results also demonstrated consistent polymer layer for the 
0.6 M treated surfaces. The homogeneity in the polymer layer could improve the surface 
roughness and other surface properties of the implant.   
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Fig. 5.4 Surface topography for untreated and different PMPC grafted samples.  
 The arithmetical mean height (Sa) and root mean square height (Sq) of the untreated 
and treated surface is presented in Table 5.3. Sa value indicates the difference in the height of 
each point compared to the arithmetical mean of the surface. The surface roughness results in 
Table 5.3 are the average of 5 samples. 
Table 5.3 Surface roughness for untreated and treated surfaces. 
Sample Arithmetical mean 
height (Sa) (µm) 
Root mean square 
height (Sq) (µm) 
Ti6Al4V 13±1.50 20±3.00 
0.4 M 7.0±0.55 9.5±1.25 
0.6 M 6.0±0.35 8.0±0.65 
0.8 M 7.5±0.75 10.0±1.50 
 
 The high surface roughness (Sa = 13 ± 1.6 µm) was obtained for untreated surfaces due 
to the presence of partially-melted particles in SLM processing. The high surface roughness 
has an adverse effect on the tribological properties of the implant. High surface roughness 
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induces high friction between the contact surfaces during cyclic loading and results in 
significant wear. The wear of the implant generates a larger number of wear particles which 
could even exacerbate wear and have an adverse reaction on biological conditions. The 
continuous wear of implant surfaces could lead to implant failure. Significant reduction in 
surface roughness was observed after polymer grafting. It could prove the potentiality of PMPC 
grafted samples to minimise friction and wear of the implant.  
 The lowest surface roughness (Sa= 6.0±0.6 µm) was achieved for the treated surface 
with 0.6 M concentration followed by 0.4 M and 0.8 M concentration. These results indicate 
that the PMPC layer on the surface of Ti6A14V reduced surface roughness by 53.85%, 46.15% 
and 42.30% for 0.6 M, 0.4 M and 0.8 M samples, respectively, which is significant. The 
statistical analysis revealed that the surface roughness results have a statistically significant 
difference (p < 0.05) among.4 M, 0.6 M and 0.8 M samples. Low concentrations result in less 
grafted polymer and less coverage of partially melted particles, as a result, exhibited more 
roughness. High concentrations result in grafting long chain to the surface and less grafting 
distribution on the surface.   
 The surface roughness result is consistent with the SEM images which show that the 
uniform and homogenous polymer layers attributed to the surface grafted with 0.6 M monomer 
concentration. Though polymer layer covered the partially-melted particles for all groups still 
the 0.4 and 0.8 surfaces exhibited inconsistence coverage of the partially-melted particles. This 
inconsistency could be caused if not enough polymer chains are grafted on to the implant 
surfaces. More monomer attached to the grafted polymer chain instead of surface, resulted in 
longer polymer chain with low and inconsistence surface coverage of partially melted particles. 
These results are confirmed with GPS results which exhibited the longer polymer chain in the 
case of high monomer concentration (0.8 M). The FTIR spectra also identified the more 
polymer chains existence for 0.6 M samples attributed to the more uniform layer of polymer 
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presence onto the implant surfaces compared to the 0.4 M and 0.8 M samples. Therefore, it can 
be concluded that 0.6 M exhibited the best surface morphology due to the attachment of a 
maximum number of polymer chains homogenously onto the Ti6Al4V surfaces resulted in 
lowest surface roughness. 
5.3.3 Effect of PMPC layer on cell adhesion resistance  
 Fig. 5.5 shows the confocal microscope images of the untreated and polymer treated 
surfaces after 24 hours and 72 hours culture of mammalian CHO cells. Large amounts of 
mammalian cell growth were observed on the untreated, as-built Ti6Al4V surfaces after 24 
hours of incubation. Conversely, small numbers of cell growth were observed on polymer 
grafted surfaces. Cell proliferation for as-built untreated surfaces was higher compared to 
polished untreated surfaces, which could be explained by the presence of large number of 
partially-melted particles onto as-built surfaces. These partially-melted particles increased the 
surface area as well as the hydrophobicity of the surface and, as a result, a large number of cells 
were attached to the surfaces. The same trend was also observed after 72 hours of incubation 
on both polished and as-built untreated surfaces. Previous studies have also reported the rapid 
proliferation of cells on Ti substrates [205-208]. Interestingly, cell adhesion was suppressed on 
the PMPC-treated surfaces regardless of the type of surface after 24 hours of cell culture. 
Though cell growth increased after 72 hours, cell culture onto the polymer treated surfaces was 
limited. In this case, cells were less elongated in shape compared to the untreated surfaces. 
Zwitterionic phosphorylcholine surfaces are known to reduce nonspecific protein adsorption 
[209, 210]. Proteins hardly adsorb onto PMPC brush surfaces due to unique hydration state of 
PMPC. The protein adsorption induces the cell adhesion onto the surface [211, 212] that was 
observed at the interface. If implant interfaces are prevented from cell attachment, a smooth 
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motion under cyclic loading will be achieved for hip implants. At the same time, it is expected 
to play a significant role in reducing friction and wear. 
 
Fig. 5.5 Confocal microscopic images of cultured cells onto the untreated and polymer 
treated surfaces.  
 Fig. 5.6 shows the cell morphology onto the as-built surfaces. The arrow marks indicate 
the cells. It indicates that cells well adhered to partially-melted particles onto as-built surfaces 
and cells were more elongated in shape after 72 hours of incubation compared to 24 hours. As-
built surfaces have a high number of anchorage points due to partially-melted particles, thus 
encouraging cell attachment on implant interfaces [213-215]. Moreover, high surface 
roughness resulted in hydrophobic behaviour which triggers more protein adsorption onto 
implant surfaces. Protein adsorption is considered a biophysical precursor to cell adhesion 
[198]. Increased protein adsorption promotes cell proliferation and results in increasing the 
surface roughness of the implants which impacts the smooth motion of the interfaces. 
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Fig. 5.6 Cell morphology on as-built surfaces at different magnification after 24 hours and 
72 hours of cell growth.  
 Fig. 5.7 shows the cells are attached to the surface after 24 hours but spread significantly 
after 72 hours onto polished surfaces. The cells were most spherical in shape onto polished 
surfaces. Surprisingly, no cells were observed on polymer grafted surfaces through SEM 
imaging. Confocal images also showed a negligible amount of cell attachment onto polymer 
grafted surfaces. It confirms the PMPC prevented cell attachments onto the surface. PMPC 
layers covered the partially-melted particles, inhibiting the cell from spreading out to attach to 
the surface. Hydrophilic moieties of PMPC resulted in preventing of non-specific interactions 
with biological molecules and cells. Other studies have also reported that MPC units in the 
polymer can effectively restrain the protein adsorption [216-219], and thus prevents the cell 
growth onto polymer grafted surface. 
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Fig. 5.7 Cell morphology on polished surfaces at different magnification after 24 hours and 
72 hours of cell growth. 
 Controlled cell adhesion will yield several advantages, including protection of the 
interfaces from high friction and wear, and prevention of the uncontrollable cell attachment to 
the surfaces.  
 The purpose of this study was to develop a thin polymer layer on the surface of hip 
implant to produce the surface with optimal properties. The results showed grafting with PMPC 
improved the surface properties of the additively manufactured implant. Key findings of this 
study are summarised below: 
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• NMR results revealed that the degree of polymerisation was higher than 95% regardless 
of the monomer concentration. NMR peaks confirmed the successful polymerisation 
onto Ti6Al4Vsubstrate.  
• FTIR Spectra exhibited that the alkene group changed to alkane group during 
polymerisation. Moreover, the presence of phosphorylcholine group on polymer 
grafted surfaces was confirmed which is crucial for preventing unfavourable protein 
and cell attachment. 
• GPC analysis revealed that the length of the polymer chain increased with the increase 
in monomer concentration. 
• The surface morphology of the samples with 0.6 M monomer concentration exhibited 
the best and uniform surface coverage followed by 0.8 M and 0.4 M. A significant 
reduction in surface roughness was demonstrated for PMPC grafted surface in 
comparison with an untreated surface. 
• The PMPC grafted surface dramatically reduced mammalian cell attachment to the 
implant surfaces. The polymer layer covered the partially melted particles which act as 
an anchorage for cells. Moreover, the presence of the phosphorylcholine group in the 
side chains of PMPC inhibits the protein adsorption, and thus prevents the cell 
attachments to the implant surfaces.   
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CHAPTER SIX: THE IMPACT OF PMPC LAYER ON 
THERMAL STABILITY AND MECHANICAL PROPERTIES 
OF THE IMPLANT 
 This chapter presents an experimental investigation on thermal stability and mechanical 
properties of PMPC grafted surface. In this study TGA, DSC and nanoindentation analyses 
were carried out to evaluate the effect of PMPC layer on implant surfaces. Overall, this study 
fulfils the objective 4 (as stated in section 1.6) and thus answers the research question 4 & 5 
(as stated in section 1.5) of this project. 
 Investigating thermal stability and mechanical properties of the grafted polymer is 
extremely important as these properties define the failure mechanism of implants. This study 
focuses on optimising monomer concentration to achieve the best physical, thermal and 
mechanical properties of grafted AM Ti6Al4V implants. Three different concentration of 
monomers, 0.4 M, 0.6 M and 0.8 M were investigated to optimise the monomer concentration 
based on surface properties, polymerisation rate and mechanical properties of the implant 
surface. The results from thermal analysis confirmed the PMPC is thermally stable for implant 
applications regardless of the monomers’ concentration. A significant reduction in Young’s 
modulus of polymer grafted samples (33.2 - 42.9%), in comparison with untreated Ti6Al4V 
samples and the concomitant improvement in elasticity behaviour, proved the potentiality of 
polymer films for implant applications.  
 
 
 
 
*This work is under review in Journal of the Mechanical Behavior of Biomedical Materials.  
Ghosh, Subir, Abanteriba, Sylvester, Wong, Sherman and Houshyar, Shadi. "Performance analysis 
of grafted poly (2-methacryloyloxyethyl phosphorylcholine) on additively manufactured titanium 
substrate for hip implant applications " Journal of the Mechanical Behavior of Biomedical Materials 
(under review) 
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 In summary, polymer grafted implant prepared with 0.6 M monomer concentration 
showed the optimal thermal, physical and mechanical properties. The nano-scratch test 
revealed that the PMPC layer protects the underlying implant substrate from scratching even 
under high loads. Nano-tribological wear test was performed to investigate the effect of PMPC 
layer on wear resistance of the implant under loading conditions. The PMPC grafted surface 
exhibited a significant enhancement in wear resistance compared to untreated surface despite 
the increase of the loads. The consequent improvement of wear resistance proved the 
potentiality of polymer films for implant applications.  
 The standard process parameters were maintained for Ti6Al4V implant printing [220]. 
The building direction of the SLM process was inclined at 90° with respect to the fabricated 
samples. Standard polishing procedures were applied on as-built Ti6Al4V surfaces prior to 
polymer grafting as nanoindentation analysis was not possible to perform on non-uniform high 
roughness surfaces.  
 The details of TGA and DSC analyses were described in Chapter three. SEM imaging 
was performed to compare the surface morphology of the untreated and polymer treated 
samples fabricated at different monomer concentrations. The FEI quanta machine was operated 
at a high voltage (HV) power supply of 10 KV under vacuum at spot size 5 for all samples. 
The water contact angle measurement was carried out using 2µL water drop in sessile drop 
method for each measurement, and the measurements were carried out once the stable value 
was achieved.  
Nanoindentation studies are useful to evaluate the effect of thin PMPC layer on 
mechanical properties of polymer grafted surface [182]. The nano-mechanical properties of the 
fabricated samples such as penetration depth, hardness and Young’s modulus were measured 
 110 
 
using a Hysitron TI-950 Tribo-indenter with a diamond Berkovich tip. Penetration depth was 
measured by indenting to a maximum load of 500 μN on each sample. The details of 
nanoindentation studies have been discussed in Chapter three. Nano-scratch analysis was 
performed to investigate the effect of polymer grafted layer on scratch resistance in the nano-
scale size. The wear track was measured to compare the scratch depth for untreated and treated 
surfaces under different loads. The details of the scratch test are presented in Chapter three. 
Wear analysis was conducted using a Cube Corner indentation tip under three different loads. 
20 µN, 60 µN and 100 µN loads were applied as low, medium and high loads, respectively.  
6.3.1 Thermal stability of PMPC  
6.3.1.1 TGA analysis  
 Thermal stabilities of the grafted polymers were tested by analysing the changes in 
weight of the sample as a function of temperature. Fig. 6.1 shows the TGA curves of grafted 
polymers with various monomer concentrations. Weight loss started around 120°C to 150°C, 
mainly due to volatilisation of absorbed and bonded water. The second stage of weight loss 
occurred at 150°C, due to the dehydration and decomposition caused by heat as the temperature 
reached 200°C, ester would be thermolysis in a polymer chain containing phosphorous-
copolymer [221]. The decomposition of ester groups continued to 350°C due to the existence 
of ester groups in both phosphonate and carbonate inside the polymer chain. The third stage of 
weight loss was from 350°C to 430°C, caused by the thermo-oxidative degradation of 
phosphate, forming phosphoric acid [222-224]. Phosphoric acid act as a protective layer and 
delayed thermal degradation; this effect is higher for grafted layer produced by a high amount 
of monomer (longer polymer chain, higher amount of phosphate). Therefore, the corresponding 
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decomposition temperature of the MPC moved to a higher temperature with the increase in 
monomer concentration while weight loss was the same. 
 
Fig. 6.1 Weight loss versus temperature for PMPC with various monomer concentration.  
By switching from nitrogen gas to air at 700°C, carbonaceous residue from polymer, PMPC, 
oxidized. The human body generally operates at 37°C, and PMPC experienced only 2.6% 
weight loss that happened above the body temperature, due to a hydration state of polymer. 
Therefore, it can be concluded that PMPC is thermally stable as an implant material, and a 
grafted sample can stand thermal sterilisation which is crucial for hip implant application. 
6.3.1.2 DSC analysis 
 The effect of heat flow on polymer structure is an important aspect for analysing the 
thermal stability of polymers [225-227]. Fig. 6.2 illustrates DSC curves for PMPC with 
different monomer concentration.  
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Fig. 6.2 DSC curves for polymers with different monomer concentration.  
It shows that temperature rise did not affect PMPC up to 160°C. No heat generation was 
observed between 20-160°C, which confirmed thermal stability of PMPC in physiological 
conditions. The heat flows were observed in a temperature range of 160-200°C. The heat 
generation was not high to affect the surface properties of the implant. The minimum heat flow 
at 13 J/g*°C was exhibited by 0.6 M samples while 0.4 M showed the maximum heat flow at 
20 J/g*°C. Supporting the TGA results, DSC results suggested that thermal stability is better 
for 0.6 M samples than that of 0.4 M and 0.8 M samples. In this case, sample grafted with 0.6 
M PMPC can stand for thermal sterilisation which is an important aspect of the implant 
preparation for physiological application.   
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6.3.2 Surface properties of PMPC grafted implants  
6.3.2.1 Surface morphology 
 The surface morphology of grafted polymer was evaluated from the SEM images. Fig. 
6.3 illustrates smooth and mirror polished surface for untreated TiAl6V and changes in surface 
morphology after polymer grafting. It shows that PMPC were attached to metal surfaces and 
PMPC film deposited on smooth polished surfaces might increase surface roughness on a minor 
scale. However, uneven surface was observed for 0.4 M and 0.8 M samples, due to the low and 
high amount of PMPC on the surface which resulted in either not covering the surface or 
producing congested surface, respectively. 0.6 M treated surface exhibited uniform and evenly 
distributed PMPC layer on the surface of SLM Ti6Al4V, that means optimal grafted polymer 
to cover implant surface but not overloaded. The surface treated with 0.6 M exhibited the best 
surface morphology among all other grafted surfaces due to the attachment of a maximum 
number of polymer chains homogenously on the surface of implant. Previous study also 
demonstrated non-uniform surface for the implant grafted with 0.4 M. In the case of 0.4 M 
monomer concentration, PMPC chain length was too short which did not cover the surface of 
the implant resulted in an uneven surface. By increasing monomer concentration to 0.6 M, 
PMPC chian length was just right to be able to cover the surface on implant uniformly, while 
increasing monomer concentration to 0.8 M resulted in long PMPC chain led to overcrowding 
implant surface, which did not provide any benefits over 0.6 M monomer concentration. It is, 
therefore, necessary to maintain optimal monomer concentration during polymer grafting to 
achieve the best results. 
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Fig. 6.3 Surface morphology of untreated and treated polymer surface with various monomer 
concentrations.  
6.3.2.2 Surface wettability 
 Water contact angle is considered to be an indicator to evaluate the wettability of the 
surface. Surface wettability is an important property which is believed to have an effect on 
wear resistance. A lower contact angle indicates better wettability, resulting in low friction 
during cyclic loading of the interfaces [197]. Fig. 6.4 presents the average contact angle for 
untreated (control) and polymer treated surface. A two-way ANOVA analysis showed a 
significant difference (p < 0.05) in a water contact angle between untreated and polymer treated 
surfaces, and also between the grafted surface with different monomer concentrations. A 
hydrophilic nature of PMPC resulted in better grafted surface hydrophilicity and grafted 
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surface with 0.6 M monomer concentration showed the lowest contact angle and the best 
wettability in comparison with the rest of grafted surfaces. Therefore, a high performance to 
wear resistance is expected to achieve by 0.6 M sample due to providing the best wettability. 
Wettability properties are related to a surface morphology of implants, and PMPC is proven to 
be highly hydrophilic polymer [228]. 
 
Fig. 6.4 Average water contact angle measurements for untreated (control) and polymer 
treated samples.  
Standard deviations of water contact angles varied significantly due to non-uniform surface 
behaviour. Interestingly,0.6 M treated surface exhibited less variation in water contact angles 
resulted in consistent improvement in wettability in comparison to other surfaces. The 
improvement in wettability results for 0.6 M treated surfaces could be justified by their 
uniformly distributed polymer layers onto TI6Al4V, which resulted in smooth surfaces. The 
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improvement in wettability results for 0.6 M treated surfaces could be justified by their 
uniformly distributed polymer layers onto TI6Al4V, which resulted in smooth surfaces. 
Previous studies reported that the mirror polished surface resulted in a reduction of 
water contact angles and exhibits hydrophilicity behaviour during friction and wear testing [23, 
24, 229, 230]. In this study, despite an increase in surface roughness, the PMPC treated surfaces 
improved wettability property of the implant surface reducing a water contact angle 
significantly. This results can be attributed to a phosphorylcholine group in side chains of 
PMPC that acts as hydrophilic moieties [211]. The unique hydration state of PMPC enhances 
lubricating ability and mimics the articular cartilage of hip joints.   
6.3.3 Effects of polymer grafting on mechanical properties of the implants 
6.3.3.1 Load vs displacement  
 The indentation penetration depth was used to evaluate the mechanical strength 
of polymer grafted surfaces. Some studies have reported that PMPC does not affect the bulk 
properties of the UHMWPE/PTPE substrate after polymer grafting [142, 143, 173]. Generally, 
metals have a higher mechanical strength than polymers, and lower penetration depth is 
expected for Ti6Al4V in compared to polymer grafted surfaces. Fig. 6.5 presents the 
penetration depth for different surfaces under applied load (maximum load of 500 µN). As 
expected, all treated samples had a higher penetration depth compared to the untreated sample. 
Within the treated surfaces, the 0.6 M sample had the lowest penetration depth. It should be 
noted that the untreated Ti6Al4V surfaces exhibited better mechanical strength compared to 
the treated sample which questions the necessity of polymer grafting on a metal substrate. 
Improved mechanical strength is important, however, there are other important physical 
properties of the implant surface, including wettability, surface morphology and 
biocompatibility, that should be considered. PMPC contains water molecules, and in the 
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hydration state, these layers maintain a fluid-like manner at the interfaces (cushion). As a result, 
PMPC layers enhance the lubrication in the contact region. The better lubrication results in low 
friction and prevents the surface from wear under cyclic loading and hereafter, enhancing the 
useful life of the implant.  
 
Fig. 6.5 Load vs Displacement curve for different samples. 
6.3.3.2 Hardness  
 The results from penetration depth tests could be justified from indentation hardness 
results. Indentation hardness is an important property to evaluate the deformation resistance of 
PMPC grafted samples. It defines permanent material deformation due to a constant 
compression load from a sharp object. The hardness of materials depends on many important 
factors, including strength, ductility, elastic stiffness, plasticity, strain, toughness, 
viscoelasticity, and viscosity [52, 231-233]. Therefore, the useful life of the implant can be 
 118 
 
prolonged if the interface has an optimal hardness value. The purpose of PMPC grafting was 
to tailor the surface of Ti6Al4V implant with cartilage mimicking highly hydrophilic PMPC to 
minimise the friction forces between hip joint interfaces. Ideally, this thin layer should not 
affect the mechanical properties of Ti6Al4V implants. Fig. 6.6 presents the 2D and 3D surface 
map (2D map was projected along the bottom) for hardness values of untreated and treated 
surface with various monomer concentrations. It shows that hardness was high at 6.28±0.66 
GPa for untreated Ti6Al4V surfaces (which is similar to a previous study [234]) while 0.4 M 
and 0.8 M samples exhibited very low hardness (<2.5 GPa).  
 
Fig. 6.6 Hardness profiles for untreated and treated surfaces with various monomer concentration. 
Sample with 0.6 M showed noticeably higher hardness values, 4.06±1.25 GPa, in 
comparison with other PMPC treated surface. In the case of 0.4 M and 0.8 M samples, more 
weak points (hardness < 2 GPa) were visible in the PMPC layer on the surface, which resulted 
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in lower hardness than 0.6 M samples. Conversely, 0.6 M sample exhibited the uniform layer 
of PMPC which led to the comparatively higher hardness (> 4 GPa) than other polymer 
samples. Comparing the hardness results for different monomer concentration, the 0.6 M 
concentration could be the optimal concentration for polymer grafting. Both indentation 
hardness and penetration depth results displayed the best mechanical properties for the 0.6 M 
treated surfaces among the treated surfaces. 
Polymers are comparatively softer than the metallic substrates, therefore, a decrease of 
the mechanical properties of all polymer grafted surfaces compared to untreated surfaces is 
expected. The PMPC layer was thin (200-400nm), however is able to withstand the low loads 
[160]. Therefore, nano-indentation experiments were performed at a certain range of loads so 
that the effect of different polymer grafted surfaces could be compared. The 0.6 M treated 
surfaces exhibited comparatively better mechanical properties than other polymer grafted 
surfaces, which could be attributed by its surface uniformity, improved existence of polymers 
on the implant and surface roughness properties. Higher number of polymer chains were 
attached and grafted to the implant surface in case of 0.6 M monomer concentration (optimal) 
while the number of attached polymer chain was lower and longer (GPC) for the sample with 
high monomer concentration (0.8 M). Similarly, there was not enough monomer to attach to 
the surface for the sample with low concentration (0.4 M) and did not cover the whole surface. 
This can describe the better mechanical and surface properties of the 0.6 M treated surface. 
Previous studies investigated the effect of polymer grafting on the bulk properties of cross-
linked polyethylene (CLPE) and reported that the polymer grafted layers did not affect the 
mechanical properties of the substrate [142, 143, 173]. This study revealed that the polymer 
grafted layer reduced the hardness and increased penetration depth. Therefore, polymer 
grafting has a significant effect on mechanical properties of the substrate if the grafting is 
applied on a metallic substrate. 
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6.3.3.3 Young’s modulus  
 Young’s modulus (also known as elastic modulus) determines an object or substance's 
resistance to being deformed elastically (i.e., non-permanently) under applied stress [235-237]. 
Generally, Young’s modulus for human cortical bones is very low and, conversely, it is very 
high for metal implants. The large gaps between an elastic modulus of artificial implant and 
human bone could cause a mismatch for its application as hip implants. High elastic modulus 
provides a stress shielding effect which resulted in a possible reduction (fracture) in a useful 
life of implant [238-240]. As a consequence, researchers attempt to minimise Young’s modulus 
to match human joints. However, it is quite impossible to reduce the elasticity at a scale to a 
natural bone without compromising the other mechanical properties. This study brought a 
breakthrough in possibility of significantly minimising Young’s modulus. Fig. 6.7 summarises 
average Young’s modulus for different samples. A statistically significant difference (p < 0.05) 
was identified between an untreated and PMPC treated surfaces, but only Young’s modulus 
value for 0.6 M samples was statistically significant from 0.4 M and 0.8 M samples. There was 
no significant difference (p > 0.05) was observed between 0.4 M and 0.8 M samples in Young’s 
modulus value. A modulus was decreased by 42.9% for 0.8 M samples followed by 40.3% for 
0.4 M samples and 33.0% for 0.6 M samples, compared to untreated Ti6Al4V implants. The 
reason for lower Young’s modulus achieved by polymer grafted samples might be explained 
by an effect of a thin polymer layer on the surface. Thin polymer layer on the surface of implant 
tailored the mechanical properties of the implant surface. This study demonstrated that PMPC 
grafted surface minimises the “stress shielding” problem of the Ti6Al4V implant. Monomer 
concentrations have impacted the uniformity of PMPC grafted layer significantly. Higher 
uniformity resulted in a higher Young’s modulus. SEM images confirmed improved uniformity 
of the film made by 0.6 M monomer concentration. This uniformity can lead to higher Young’s 
modulus which was achieved by 0.6 M samples in comparison to other PMPC grafted samples.  
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Fig. 6.7 Average Young’s modulus of grafted polymer with various monomer 
concentrations.  
 Young’s modulus was measured to investigate an effect of monomer concentration on 
the mechanical properties of PMPC grafted surface. Young’s modulus value of the samples 
with various monomer concentrations is presented in surface mapping across a range of loads 
and surface conditions (Fig. 6.8). This figure presents indentation maps showing Young’s 
modulus. It showed a similar relationship between modulus and monomer concentration as the 
hardness results. 3D surface maps (together with 2D maps below) are presented for a 20×20 
array of indents for each sample. The Young’s modulus values were consistent in different 
areas for untreated Ti6Al4V surfaces while they significantly differed for PMPC grafted 
surfaces. This is most likely due to inhomogeneous polymer thickness and uniformity, but it 
could also be explained by the way the polymerisation process works. It is interesting that there 
were no indications of a relationship between modulus and maximum load. 
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Fig. 6.8 Modulus mapping results for untreated and PMPC grafted surfaces for various 
monomer concentrations. 
 These results suggested that PMPC eliminated some surface effects that Ti6Al4V 
applied over the load. The elastic behaviour of polymer grafted surfaces is also dependent on 
the structure of PMPC chains and density. Ishihara et al. [26] revealed that PMPC exhibits a 
mushroom-like structure at low load and also semi-brush and high-density brush structure for 
medium and high load, depends on the concentration of polymerised samples, respectively. 0.6 
M monomer concentration showed more stable and higher Young’s modulus compared to other 
polymer surfaces. As a result, it is expected that 0.6 M sample could provide better mechanical 
strength in comparison with the rest of the surfaces. However, deviations in Young’s modulus 
values on different areas were attributed to differences in the length of PMPC chains, surface 
uniformity, grafting density and stress distribution.  
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6.3.3.4 Stress-strain diagram 
 A stress-strain diagram is presented in Fig. 6.9. Nanoindentation results were plotted 
for applied load in a range of 5 - 1000 µN, to compare elasticity of different samples. The arrow 
marks indicate a yield point of the sample and a high strain limit indicates high elasticity. Fig. 
6.9 shows that all PMPC grafted sample exhibited greater elasticity (higher strain limit) than 
untreated Ti6Al4V implant surface.  
 
Fig. 6.9 Stress-strain diagrams for PMPC grafted samples with different monomer 
concentration. The arrow indicates the elasticity limits of the samples.  
 
This means that PMPC grafted sample can stand more force in a elastic region before passing 
to a viscoelastic region or permanent deformation [241, 242]. As is shown in Fig. 6.9, among 
all PMPC grafted samples, 0.4 M treated samples had the best elasticity while 0.6 M treated 
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samples had greater resilience to wear and more desirable Young’s modulus than others. It 
could, therefore, be concluded that the surface of the PMPC grafted sample prepared with 0.6 
M monomer concentration exhibit the optimal properties. However, more investigation is 
required to understand elasticity behaviour of PMPC grafted samples without sacrificing 
mechanical properties of PMPC grafted surfaces. 
6.3.4 Effect of PMPC layer on scratch resistance 
 The scratch test was performed to compare the mechanical strength of the polymer 
treated samples with untreated samples. The optimised polymer grafted samples from the 
previous study were considered for scratch test. The surface topography of untreated and 
polymer grafted samples was presented in Fig. 6.10. A visible scratch (scratch depth ~ 50 nm) 
was noticed on the untreated surface (Fig. 6.10(a)) for 0.5 mN load while almost no scratch 
(scratch depth ~ 5 nm) was observed on the grafted surface (Fig. 6.10(b)). However, for the 
high load, 2 mN, there is a minor scratch,~ 30 nm, on the grafted surface, Fig. 6.10(d), in 
comparison with the untreated surface,~ 100 nm, Fig. 6.10 (c). It indicates that PMPC grafted 
surface can sustain under higher load in comparison with an untreated surface. The absence of 
spallation and buckling defects suggests that plastic deformation has occurred in the substrate 
rather than the polymer coating [243, 244]. Deformation recovery shows the flexibility and 
elasticity of the polymer grafted layer. The other benefit of polymer grafting is to prevent the 
underlying metallic substrate from scratching under high loads. The measured value (not 
shown) indicated that the residual depths were higher for a deeper scratch on untreated samples 
comparing with treated one. The residual depths were much lower than penetration depths due 
to the deformation recovery of the polymer layers. It means that polymer grafting improved 
the mechanical strength of the surface by protecting the implant surface from scratching, which 
leads to a significant effect on enhancement of tribological outcomes of hip implants. 
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Fig. 6.10 Surface topography of untreated (a & c) and treated surfaces with MPC (b & d) 
after scratch test under various applied loads. Wear track data was taken from about half way 
through the scratch, indicated by the white box. The depths of each scratch are (a) 50 nm (b) 
5 nm (c) 100 nm (d) 30 nm. 
6.3.5 Effect of PMPC layer on wear resistance 
 Wear of hip implants is a complex mechanism and heavily influenced by mechanical 
properties such as hardness and Young’s modulus of the materials [10, 245]. Wear in hip joints 
is caused by cyclic loading [23, 246]. However, the good mechanical properties of the material 
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are subjected to improve wear resistance, due to increasing the elasticity of the surface before 
permanent deformation of the implant surface. Fig. 6.11 illustrates wear behaviour of untreated 
and PMPC grafted surface under low to high loads. Fig. 6.11(a) reveals that 20 µN load had no 
impact on PMPC grafted surfaces while minor wear marks were noticed on untreated Ti6Al4V 
alloy surfaces, although Young’s modulus was highest in value for untreated Ti6Al4V alloy 
surfaces. This was caused by direct contact and high friction between hard diamond tip and 
surface of Ti6Al4V substrate. Thin layer of PMPC film prevented direct contact and, as a result, 
protected surfaces of the implant from wear. However, wear marks became more visible with 
high load. Even minor wear was so noticeable for 0.4 M, and 0.8 M PMPC grafted surfaces 
(Fig. 6.11(b)) and, interestingly, no wear was noticed for 0.6 M surfaces at medium load, 60 
µN. Differences between surface topography of untreated and 0.6 M treated surfaces justified 
how PMPC layers contributed to an improvement in wear resistance. A soft PMPC layer can 
absorb loads and dissipate energy through polymer layer and acts like cartilage in human joint 
[247]. Wear resistance of 0.6 M PMPC treated surfaces is high under low to medium load, 
while caused a plastic deformation at high load, 100 µN. Fig. 6.11 (c) shows major wear marks 
for untreated Ti6Al4V surfaces followed by 0.4 M and 0.8 M surfaces, while 0.6M showed 
minor plastic deformation, which indicated PMPC layer protected the substrate from wear. 
PMPC layer can restore its previous position when unloaded because of its structure. Overall, 
0.6 M PMPC treated surfaces performed better than 0.4 M and 0.8 M PMPC treated surfaces 
and significant improvement in wear resistance of PMPC treated surface in comparison with 
untreated Ti6Al4V surfaces. Wear result was also concurrent to surface morphology and 
wettability results, where 0.6 M PMPC treated surfaces showed improved performance in all 
perspective. 
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Fig. 6.11 Wear marks under different loading conditions for untreated surface and PMPC 
treated surface with various monomer concentrations.  
This study concluded that despite a decrease in Young’s modulus of PMPC grafted 
surfaces, resistance to wear had been improved in comparison to untreated Ti6Al4V surfaces. 
Conversely, a PMPC grafted sample treated with 0.6 M monomer concentration exhibited the 
best wear resistance, and its Young’s modulus value was comparatively higher than other 
PMPC grafted surfaces. Therefore, no specific correlation was possible to draw between 
Young’s modulus and wear resistance property. 
 This work investigated the effect of different monomer concentrations on thermal, 
mechanical and surface properties of polymer grafted Ti6Al4V implants. The key findings are 
summarised as follows: 
• TGA and DSC analysis revealed excellent thermal stability of PMPC grafted samples 
for implant applications and thermal sterilisation.  
• PMPC treated surface revealed improved wettability property which resulted in 
enhanced lubricity behaviour during sliding motion.  
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• 0.6 M samples demonstrated lower penetration depth and higher resistance to 
permanent deformation than 0.4 M and 0.8 M samples. It suggests that the sample with 
0.6 M coating has the greatest potentiality for applications that undergo cyclic loading. 
Further, it indicates that such samples will have a greater ability to resist wear. 
• PMPC grafted samples minimised Young’s modulus value by 33.3-42.9 % compared 
to untreated surface, leading in preventing a stress shielding effect under loading 
conditions.  
• There was a significant improvement in the elasticity behaviour of polymer grafted 
samples.  
• The nano-scratch test exhibited that the polymer grafted layer prevents the Ti6Al4V 
substrate from scratching at high loads which indicates the better mechanical strength 
of polymer grafted implants compared to the untreated surface.  
• 0.6 M showed the best wear resistance in all loads among all samples. Thin PMPC layer 
prevented direct contact and, as a result, protected the surfaces from wear. 
However, the correlation between the elasticity and other mechanical properties is yet to be 
investigated to understand the failure mechanism of implants.   
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CHAPTER SEVEN: THEORETICAL PREDICTION OF 
LUBRICATING FILM FORMATION UNDER DIFFERENT 
PHYSIOLOGICAL HIP JOINT CONDITIONS  
 This chapter presents a theoretical approach to investigate the role of the implant 
surfaces on lubricating film formation of synovial fluid under various physiological conditions. 
In this study, Hamrock-Dowson formula has been used to predict the lubrication behaviour of 
the implant surfaces [46]. Overall, this study fulfils the objective 5 (as stated in section 1.6), 
and thus, answers the research question 6 (as stated in section 1.5) of this project. 
 An investigation on film formation is an important aspect of the research because 
synovial fluid acts as a shock absorber providing a film thickness between the implant 
interfaces under load and sliding motions. Different parameters, such as synovial fluid 
viscosity, sliding speed, applied load, mechanical and surface properties of the implants were 
considered in this theoretical model. UHMWPE was considered as acetabular cup material to 
pair with the untreated Ti6Al4V, or PMPC treated Ti6Al4V as head material. The theoretical 
results revealed both untreated, and polymer treated implants exhibited boundary lubrication 
without any significant changes in film formation for the same parameters. However, the 
PMPC treated implants provided comparatively higher film thickness at high speed than that 
of untreated surfaces. Therefore, it can be concluded that polymer grafted implants exhibited 
improved lubricity at high load conditions. 
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 Fortran programming language was used to analyse the theoretical model in this study. 
Intel Parallel Studio XE Composer Edition software was used to execute the program. In this 
model, untreated or PMPC treated Ti6Al4V implants were considered as head materials and 
UHMWPE as cup materials. All parameters were assumed considering the physiological 
condition of hip joints. Standard head diameter 28 mm was considered for femoral head [46]. 
The lubricant viscosity at 2.5 mPa was considered for synovial fluid [47]. Although human is 
body subjected to significantly higher loads, e.g. 75-85 kg, total load is not subjected to single 
hip implant. Other hip implant and body parts also share this body weight. Therefore, average 
vertical load is expected to be reduced on a single implant. In this study, average vertical load 
of 50 N -150 N were applied with a wide range of frequency (f) 1 Hz -15 Hz for this model. A 
certain range of speed were considered to simulate the various moving condition including, 
walking, fast walking and running. Usually, the inclination angle of the acetabular cup is 45º, 
but it can vary with the movement of the hip joints [248, 249]. Therefore, the effect of 
anatomical orientation of the acetabular cup concerning head surface was considered in a range 
of 0º - 90º. The parameters: femoral head radius (R1), femoral cup radius (R2), modulus of 
elasticity for head (E1), modulus of elasticity for cup (E2), Poisson’s ratio for head (ν1), 
Poisson’s ratio for cup (ν2), average angular velocity (ω = 2 π f), average vertical load (Wy), 
absolute or dynamic viscosity of the lubricant (η) and inclination cup angle( Φ0) were 
incorporated to outline the theoretical model. 
Equivalent modulus of elasticity (Eʹ) is calculated using the following equation: 
    
2
𝐸ʹ
 = 
1−ν1
2
𝐸1
 + 
1−ν2
2
𝐸2
    (8.1) 
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The entraining velocity (Ue) is calculated using the following equation: 
       Ue = 
𝛚𝑅1
2
    (8.2) 
The minimum film thickness (hmin)b-p holds for an equivalent ball-on-plane configuration is 
estimated from the following equation [250, 251]. 
    (hmin)b-p= 2.8(
𝜂𝑈𝑒
EʹRʹ
)0.65 (
𝑊𝑦
EʹRʹ
)-0.21   (8.3) 
 However, this study focussed on hip joints. Actual hip joint condition can be expressed 
by ball-on-socket configuration. Jalali-Vahid et al. [47] developed an equation for minimum 
film thickness ((hmin)b-s) in ball-on-socket configuration, which can be derived from the 
following equation: 
(ℎ𝑚𝑖𝑛)𝑏−𝑠
(ℎ𝑚𝑖𝑛)𝑏−𝑝
 = 1.0191(
𝛷0
90
)4 – 2.3153 (
𝛷0
90
)3 +0.8151 (
𝛷0
90
)2 -0.1133 (
𝛷0
90
) +1  (8.4) 
The lubrication regeime can be determined by λ ratio from equation 8.5, 
     λ =
ℎ𝑚𝑖𝑛
𝑅𝑞
     (8.5) 
Where composite roughness (Rq) = √(𝑅ℎ
2 + 𝑅𝑐
2) 
* Rh and Rc are surface roughness for head and cup, respectively. 
Therefore, if λ ratio is in between 0.1 and 1, then the lubrication regime is boundary lubrication. 
If λ ratio is less than or equal to 3, then the lubrication regime is mixed lubrication, otherwise, 
if the λ ratio exceeds 3 then the lubrication regime is fluid film lubrication. Theoretical results 
were plotted in Origin software to compare the results based on applied load, speed and the 
anatomical orientation of the acetabular cup. 
 Lubrication film formation or viable existence of the lubricant is a vital element in 
tribology for efficient movements such as sliding or rolling [252, 253]. The lubrication film 
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formation depends on several factors: sliding speed is one of them. Fig. 7.1 presents the sliding 
speed dependency of lubrication film formation under three different loads for untreated and 
polymer treated surfaces. The minimum film thickness was about 150-170 nm at the low speed 
and increased gradually with sliding speed, which reached up to 1000 nm at 50 N load ( Fig. 
7.1(a)). Fig. 7.1(b) and Fig. 7.1(c) shows similar trends despite the increase in load. Vrbka et 
al. [254] also revealed from their experimental investigation that the film formation increased 
with the main speed and reported a maximum of 900 nm film on their next study [255].  
 In this physiological condition, standard cup inclination angle 45° was considered. The 
wide ranges of sliding speed (estimated from frequency, f) was considered due to the different 
modes of hip joints, such as slow walking, fast walking, slow running and fast running. Fig. 
7.1 compares the film thickness results for untreated, and PMPC treated samples, but no 
significant differences (p > 0.05) were observed for different samples. Both implants exhibited 
similar lubrication behaviour with the increase of sliding speed for 50 N, 100 N and 150 N 
loads.  
 
Fig. 7.1 The minimum film thickness as a function of frequency for untreated and polymer treated 
implants under (a) 50 N, (b) 100 N, and (c) 150 N Load. *The film thickness values overlap each 
other for untreated and polymer treated implants where p > 0.05.  
 
 135 
 
The acetabular orientation varies depending on the anatomical motion of the body. For 
instance, the extension is the opposite of flexion motion. As a result, the cup inclination angle 
varies with different anatomical motions. Therefore, it is important to study the impact of 
anatomical motion on film formation. A wide range of cup inclination angle 0° - 90° was 
considered to cover all aspect of anatomical motions. Fig. 7.2 demonstrates the changes of film 
formation with the cup angle under three different speeds for untreated and polymer treated 
surfaces. The film formation was steady below 35° inclination angle for all speeds while the 
polymer grafted implants exhibited enhancement in film formation compared to untreated 
implants which were maximum 40 nm for high speed (Fig. 7.2 (c)), followed by 30 nm for 
medium speed (Fig. 7.2 (b)) and 10 nm for low speed (Fig. 7.2 (a)). These results could be 
attributed to the comparatively lower surface roughness of PMPC grafted surface than an 
untreated surface. A hydrodynamic pressure is developed with speed resulted in high film 
formation [58]. However, film formation started dropping after 35° regardless of the surface 
conditions. The reduction in film thickness after 35° inclination angle could be justified due to 
changes in femoral head and acetabular cup position. At higher angles, the ball and socket 
joints are expected to come closer, as a result, squeeze out the lubricant from the interface due 
to its introduction of high forces during shrinkage in area.  
No significant variation (p > 0.05) was observed in film formation at low speed, but 
PMPC grafted implants performed well at high speed at all inclination angles. Though 
experimental conditions were the same in this theoretical model, the surface and mechanical 
properties were different between the untreated and PMPC treated surfaces. The low surface 
roughness along with other mechanical properties enhanced the film formation for the polymer 
grafted substrate. Moreover, improved lubricating performance was expected for PMPC 
grafted implants in vivo conditions because PMPC provides hydrophilic moieties, which could 
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result better interaction with body-oriented fluids, and thus, helps in the enhancement of film 
formation.  
 
Fig. 7.2 The minimum film thickness as a function of the anatomical orientation of cup angle 
for untreated and polymer treated implants under (a) 1 Hz, (b) 5 Hz, and (c) 10 Hz frequency. 
 Fig. 7.3 presents the predicted film thickness of untreated and polymer treated implants 
as a function of different loads under three sliding speeds. The predicted minimum film 
thickness was shown to remain remarkably constant at low speed (Fig. 7.3(a)), despite a 
substantial change with the applied load. The minimum film thickness in a range of 125-175 
nm was generated at low speed while 760- 820 nm was generated at low load and high speed. 
The film thickness tended to decrease with the increase of applied load, Fig. 7.3 (b), and the 
gradual drop in film thickness was observed with the applied load, Fig. 7.3 (c). Synovial fluid 
squeezed out at high load resulted in low film thickness. The enhancement in film thickness 
was noticed for polymer grafted implants with the sliding speed. The film pressure decreases 
with increasing sliding speeds. Both increasing speed and reducing film pressure, caused a 
thicker lubricant film [256]. Moreover, synovial fluids can exert pressure to enhance the 
lubricant film at high speed. The lubrication regime was identified as boundary lubrication due 
to high surface roughness both for untreated and PMPC treated surfaces. The boundary 
lubrication was identified in this theoretical model as λ ratio was always found less than 1 in 
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all physiological conditions. PMPC grafted implants exhibited improved lubrication in 
comparison to untreated Ti6Al4 implants. 
 
Fig. 7.3 The minimum film thickness as a function of load for untreated and polymer treated 
implants under (a) 1 Hz, (b) 5 Hz, and (c) 10 Hz frequency. 
The PMPC implants are only hoped in enhancing the lubrication performance in 
boundary lubrication due to their polymer brush-like structure. Otherwise, if the partially 
melted particles experience the sliding motion, the friction and wear rate would be exacerbated. 
PMPC thin layer could prevent the AM Ti6Al4V implants from coming in contact with 
acetabular cup surfaces and thus, could improve the arthroplasty performance. 
 This theoretical investigation predicts the lubrication film thickness considering the 
physiological condition of artificial hip joints. The following conclusions can be drawn from 
this study: 
• No significant difference in lubricant film formation was identified between untreated 
and polymer treated implants with increasing sliding speed if the load and inclination 
angle is constant.  
• PMPC grafted implants exhibited the enhancement in film formation with the changes 
in anatomical orientation of the hip joints.  
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• Boundary lubrication was identified at all physiological conditions of hip implants in 
this theoretical model due to the high surface roughness even after polymer grafting.  
• PMPC grafted implants showed better performance in lubrication behaviour compared 
to untreated Ti6Al4V even at high loads and high speeds.  
• Improved arthroplasty performance is expected from PMPC treated implants in vivo 
due to their hydrophilic property and good interaction with biological fluids.   
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CHAPTER EIGHT: SUMMARY AND FUTURE WORK 
 The research presented in this thesis has developed a novel polymer grafting technique 
on the surface of additively manufactured titanium substrate for improved hip arthroplasty 
performance. An informative literature review, presented in Chapter two, has discussed the 
current status of surface modification techniques for improved hip arthroplasty performance. 
This review has established the research gap and accordingly the research questions and 
objectives of this project, that presented in detail in Chapter one. The experimental details of 
this project have been highlighted in Chapter three. Chapter four has addressed the novel 
technique of PMPC grafting onto the surface of SLM Ti6Al4V implants. Chapter five has 
discussed the influence of the monomer concentration on polymerisation and surface properties 
of the implant through an experimental study, and finally, optimised the monomer 
concentration. Chapter six has highlighted the effect of PMPC layer on the thermal and 
mechanical properties of the implant. The impact of PMPC layer on scratch and wear resistance 
has also been analysed. Chapter seven has presented a theoretical approach to predict the 
lubricating film thickness under physiological hip joint conditions.  
The key findings of this project are summarised as follows: 
• PMPC was successfully grafted when UV irradiation was applied under N2 gas 
atmosphere to eliminate the O2 which inhibit the polymerisation. This technique 
achieved a continuous & uniform PMPC layer with the highest polymer thickness. 
• NMR analysis revealed that the degree of polymerisation was higher than 95% and 
confirmed that monomer had been polymerised successfully. FTIR spectra confirmed 
the polymerisation by the alkene group conversion to alkane group. The length and the 
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number of the polymer chain increased with the increase in monomer concentration 
which was confirmed by GPC analysis.  
• The surface morphology of the samples grafted with 0.6 M monomer concentration 
exhibited the best and uniform surface coverage followed by 0.8 M and 0.4 M.  
• The polymer grafted surface dramatically reduced mammalian cell adhesion. 
Therefore, PMPC grafting could be a suitable solution to resist the uncontrolled cells 
and facilitate smooth motion of ball-socket joints. 
• TGA and DSC analysis revealed the excellent thermal stability of the polymer layer for 
implant applications. The PMPC treated surface showed better wettability property 
resulted in better lubricity behaviour during the sliding motion.  
• The 0.6 M samples demonstrated the lowest penetration depth and maximum resistance 
to permanent deformation in compared to 0.4 M and 0.8 M samples.  
• Young’s modulus was minimised by 33.3-42.9 % for PMPC grafted surfaces compared 
to an untreated surface, which could help in preventing a stress shielding effect under 
loading conditions. A significant improvement in the elasticity behaviour of polymer 
grafted samples was achieved.  
• The nano-scratch test exhibited that the polymer grafted layer prevents the surface of 
Ti6Al4V substrate from scratching at high loads which indicates the improved 
mechanical strength of polymer grafted implants. Wear resistance of the grafted surface 
improved due to a reduction in surface roughness.  
• Theoretical modelling predicts boundary lubrication occurred in physiological 
conditions of hip joints. Therefore, surface grafting with PMPC layers could protect the 
implants from direct contact with cup surfaces leading in minimising the friction and 
wear. 
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• Overall, the development of PMPC grafting onto the surface of additively manufactured 
Ti6Al4V substrate resulted in significant minimisation of Young’s modulus and 
improvement in elasticity behaviour of the implant surface. This would be a significant 
contribution to a body of knowledge in biomedical research. 
 Further studies are needed to address some unresolved issues for the future design of 
titanium hip implants. These include: 
• Tribological investigation is an important aspect of implant research to evaluate the 
useful life of the implants. Therefore, further studies can be carried out using the hip 
simulator to investigate the role of PMPC layer on tribological performance. 
• Though the newly developed polymer grafting technique minimised the surface 
roughness of SLM fabricated samples significantly, still, the roughness is not ideal for 
hip implant applications. Therefore, the optimisation of processing parameters for the 
SLM technique to reduce the surface roughness of the as-built Ti6Al4V substrate could 
be an effective way to improve the implant surfaces.  
• Further studies are required to evaluate the performance of PMPC layer on cell 
adhesion. Quantitative analysis can reveal more information in cell adhesion 
perspective. The performance of PMPC layer on bacterial adhesion could also be 
investigated to determine the toxicity of the modified implants. Degradation study of 
PMPC layer in physiological condition is necessary to understand durability of polymer 
films, mechanism of release, degradation product and bonding strength between the 
PMPC layer and the implant surface. 
• Experimental investigations are required to justify the theoretical model and to evaluate 
the lubrication performance of polymer grafted implants.  
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APPENDICES 
Appendix A. Summary of tribological studies on surface texturing.  
Type of 
simulator 
Type of 
material 
Specimens Operating conditions 
Textur
ing 
techniq
ue 
Coating 
properti
es 
Friction coefficient 
Wear rate for different 
counter surface 
        
Ball-on-
disk 
tribometer 
[1] 
Ti–6Al–
4V alloy 
Friction test:                                       
Disk diameter: 60 mm and 
thickness 5 mm                                             
Ball diameter: 11mm                             
Average roughness, Ra : 0.10 
µm 
Applied load: 20, 40, 60, 
80 and 100 N                    
Rotational speed: 100 rpm 
Sliding distance: 100 m    
Lubricant: Tonna oil 32 
CNC 
machin
ing 
 
Ground surface: 0.05-
0.09                      
UNSM-treated 
surface:0.035-0.065 
Ground surface: 0.004-0.012× 
10 -7 mm3/Nm                                        
Textured  surface: 0.0015-
0.007× 10 -7 mm3/Nm                  
Ball-on-
disk 
tribometer 
[2] 
Cylinder: 
Co–Cr–Mo             
Liner: 
UHMWPE 
Cylinder diameter: 50 mm                     
Average roughness, Ra < 50 
nm.                                      
Liner diameter : 50.75mm 
Contact pressure: 0.57–
1.13MPa                  
Sliding frequency: 1 Hz          
Lubricant:  BS 
LST  
Smooth cylinder: 0.30                  
Textured cylinder: 0.15       
 
Hip 
simulator.            
Ball-on-
disk 
tribometer 
[3] 
Cup: 
ceramic            
Head: Co–
Cr–Mo and 
SS   
SS head diameter: 25 mm              
CrCo head diameter: 28 mm          
Average roughness, Ra: 20–
100 nm 
Load: 1750KN                  
Starting inclined angle: 
16°                                                             
Sliding frequency: 0.5Hz   
Lubricant:  BS 
EDM 
PVD 
process                                             
Coating 
thickness
: 1 µm 
Non-dimpled a-C:H: 
0.084                  
Dimpled a-C:H: 0.107                
Dimpled Ta-C: 0.119              
Dimpled Ta-C: 0.121                 
Non-dimpled Co–Cr–
Mo: 0.248   
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Pendulum 
hip joint 
simulator 
[4] 
Wear test:                     
Cup: 
UHMWPE  
Head: Co–
Cr–Mo                                      
Wear test:                                     
Cylinder diameter: 28 mm                     
Average roughness, Ra: 10 
nm.                                       
Liner diameter: 28 mm                   
Friction test:                                       
Pin: 3 x 3 mm2 
Wear test:                    
Load: 50 N                   
Lubricant: BS                                                  
Frequency: 0.49 Hz                          
Friction test:                         
Contact pressure: 2.2MPa    
Sliding distance : 3 mm         
Frequency:1.12Hz 
Vibroro
lling 
Plasma 
carburisi
ng 
treatment 
Untreated surface: 0.19                    
Plasma carburized 
surface: 0.20-0.21                          
Untreated textured 
suface: 0.19                                
Plasma carburized 
textured surface: 0.15 
 
Pin-on-
disk 
tribometer 
[5] 
Pin: 
ceramic                       
Disk: 
ceramic  
Pin dimension:  Ø6.35 mm x 
L6 mm                               
Disk dimension: 15 x 15 x 6 
mm3                               
Average roughness, Ra: 
0.12±0.02 µm 
Dimple diameter: 300, 400 µm 
Load: 10, 15, 20 N             
Frequency: 5, 10, 15 and 
20 Hz                               
Lubricant: BS 
CNC 
machin
ing 
 
Plain surface: 0.135-0.15                   
Dimpled surface: 0.1-
0.14 
Weight loss:                                        
Plain surface: 0.77 mg                 
Dimpled surface: 0.36-0.65 mg 
Pin-on-
disk 
tribometer 
[6] 
Ti–6Al–
4V alloy                    
Pin dimension:  Ø6.35 mm x 
L6 mm                                 
Disk dimension: 15 x 15 x 6 
mm3                                 
Average roughness, Ra: 50±5 
nm 
Load: 10, 15, 20 N           
Frequency: 5 Hz                               
Lubricant: BS, Water 
CNC 
machin
ing 
PVD  
Plane surface: 0.18-0.26                 
Dimpled surface: 0.16-
0.24                          
DLC coated dimpled 
surface: 0.13-0.18 
% of weight loss:                                
Plane surface: 0.008 %                     
Dimpled surface: 0.005%                 
DLC coated dimpled surface: 
0.002%  
Ball-on-
plate 
tribometer 
[7] 
Ti–6Al–
4V alloy 
Friction test:                                       
Plate dimension: 3 x 2 cm2 
Ball diameter: 10 mm                             
Ra of substrate ≤ 0.03μm.                
Ra of coated surface ≤ 0.02 
μm. 
Amplitude: 5 mm            
Applied load: 5 N (initial 
Hertzian contact pressure 
820  MPa)                       
Sliding frequency: 5 Hz 
LST                                 
PVD                                                                       
Coating 
thickness
: 3.3 μm 
DLC-smooth : 0.06        
DLC-T13% : 0.065                                   
DLC-T24% : 0.065 
DLC-T44% : 0.055   
DLC-smooth : 4.3 × 10 -7 
mm3/Nm                            
DLC-T13% : 3.2 × 10 -7 
mm3/Nm                       
DLC-T24% : 2.75 × 10 -7 
mm3/Nm   
DLC-T44% : 4.8 × 10 -7 
mm3/Nm     
Abbreviations: EDT stands for electrical discharge texturing, PVD for physical vapour deposition, SS for stainless steel, Ta-C for tetrahedral 
amorphous carbon and UHMWPE for ultrahigh molecular weight polyethylene. 
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Appendix B. Summary of tribological studies on surface coating.  
Type 
of 
Simula
tor 
Type of 
Material 
Specimens Experimental 
conditions 
Coating 
Technique 
Coating 
materials 
Coating 
thicknes
s 
Friction coefficient Wear rate 
Pin-on-
disk 
tribom
eter [8] 
Disk: SS, TiN , 
Micronite, DLC 
Pin:UHMWPE 
Pin: 20 mm 
length, 8mm 
diameter             
Disk: 80mm 
diameter, 
4mm 
thickness 
Applied load: 9 MPa                       
Sliding speed: 100 
mm/s         
Temperature: 37±1°C     
Lubricant:BS 
Magnetron 
sputtering 
Micronite- and 
TiN-coating 
3 μm 
316L: 0.088             
TiN: 0.139              
Micronite: 0.140    
DLC: 0.254 
316L: 1.39 µm/km             
TiN: 3.11 µm/km             
Micronite: 4.12 µm/km                 
DLC: 47.80 µm/km 
Hip 
joint 
simulat
or [9] 
Cup: UHMWPE  
Head: Co–Cr–
Mo 
Head 
diameter: 28 
mm 
Applied load: 
maximum 4500N                    
Temperature: 37°C         
Cup inclination: 23°             
Lubricant: BS 
Filtered 
cathodic 
vacuum arc        
Plasma 
immersion 
ion 
implantation 
DLC coated or N+ 
ion implanted 
600 nm 
Untreated head: 
0.01                
DLC coated head: 
0.05                       
N+ implanted head: 
0.06 
 
Ball-
on-disk 
tribom
eter 
[10] 
Ball:100Cr6 
steel           
Disk: PEEK 
Ball diameter: 
6 mm                
Disk diameter: 
25 mm          
Thickness: 
3mm 
Applied load: 3 N          
Sliding speed: 10 cm/s      
Temperature: 22±2°C   
Lubricant: SBF 
Magnetron 
sputtering 
Nb containing 
GLC 
1.4 μm 
Uncoated PEEK 
(air): 0.45                      
Uncoated PEEK 
(SBF): 0.25                   
Nb/GLC coated 
substrate(air):: 0.15                                   
Nb/GLC coated 
substrate (SBF): 
0.07 
Uncoated PEEK (air): 0.87-
2.25 × 10 -15 mm3/Nm                                          
Uncoated PEEK (SBF): 
0.15-0.5 × 10 -15 mm3/Nm                                          
Nb/GLC coated substrate    
(air): 3.13-5.53 × 10 -15 
mm3/Nm                                          
Nb/GLC coated substrate 
(SBF): 3.38-3.49 × 10 -15 
mm3/Nm 
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Ball-
on-disk 
tribom
eter 
[11] 
Disk: PEEK 
Ball: Ceramic 
(ZrO2) 
Disk diameter: 
14.4 mm & 
thickness: 2.5 
mm                                 
Ball Diameter: 
6.4 mm 
Applied load: 5N 
(Hertzian calculated 
stresses of 117.23 
MPa)                  
Sliding speed: 0.05 m/s                    
Sliding distance: 500-
1000 m             
Temperature: 25°C 
CVD 
DLC coating             
Plasma activation: 
MW and RF      
Applied process 
gases: O2, N2, and 
CH4 
200 ± 20 
nm 
Normal PEEK: 0.38         
MW/RF-O2/CH4: 
0.36 *MW/RF-
N2/CH4: 0.34                  
RF-O2/CH4: 0.31         
RF-N2/CH4: 0.21 
Normal PEEK: 7.26 × 10 -7 
mm3/Nm  
MW/RF: 2–2.25 × 10 -7  
mm3/Nm                         
RF-0.03: 0.2 × 10 -7 
mm3/Nm 
Ball-
on-disk 
tribom
eter 
[12] 
Ball: ceramic 
Disk: austenitic 
steel substrates 
(AISI 304) 
Ball diameter: 
6 mm 
Applied load: 2 N           
Sliding speed: 10 m/s                 
Sliding distance: 110-
157 m                     
Temperature: 25°C 
Magnetron 
sputtering 
Cr-CrN multilayer 
and Cr-CrN 
multilayer with 
DLC top coating 
3.94-5.16 
μm 
Cr, Cr-CrN: >0.6     
Cr-CrN with DLC: 
 ̴0.2 
 
Hip 
simulat
or [13] 
Cup: ceramic     
Head: SS 
Cup diameter: 
28 mm               
Head 
diameter: 25 
mm 
Applied load: 1760 N               
Frequency: 0.5 Hz   
Temperature: 37°C         
Lubricant: BS 
Magnetron 
sputtering 
DLC coating:                      
1. a-C:H layers 
and                         
2. Ta-C layers 
> 1 μm 
SS:0.248                 
Ta-C: 0.119           
a-C:H: 0.0.084 
 
Pin/bal
l on 
disk 
[14] 
Test 1: 
DLC/Polyethyle
ne (disk/pin)        
Test 2: 
DLC/DLC 
(disk/ball:ML1)  
Test 3: 
DLC/DLC 
(disk/ball:ML1) 
 
Load:                          
Test1: 80 n, Test 2& 3: 
4 N                   
Lubricant: Test1&2: 
BS plus y-globulin and 
test 3: water                   
Speed: 20 mm/s             
Temperature: 37°C 
Magnetron 
sputtering 
Cr doped DLC (a-
C:H:Cr)                  
N doped DLC (a-
C:N) 
0.6 μm 
GL3 and #GL4: 
0.25                 
ML1 and #GL1: 
0.12                       
ML3: 0.16 
SS on UHMWPE: 42.3 × 10 
-7 mm3/Nm                      
GL1 on UHMWPE: 36.3 × 
10 -7 mm3/Nm                  
ML1 on UHWMPE: 6 × 10 -
7 mm3/Nm 
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wear 
simulat
o r 
machin
e [15] 
Head & cup: 
silicon nitride 
(Si3N4)ceramic 
Cup and head 
diameter: 
27.96 mm                      
and  27.88 mm      
Clearance: 78 
µm 
Applied load: 
Minimum 300N and 
maximum 3000 N             
Frequency: 1 Hz   
Temperature: 37°C 
CVD 
Nanocrystalline 
diamond coatings 
0 10 μm  0.022 mm3/Mc 
Ball-
on-disk 
tribom
eter 
[16] 
Disc: cemented 
carbide (WC)    
Ball: ceramic 
(Al2O3) 
Ball diameter : 
8mm                         
Disk 
dimension: 
Ø30×4 mm3 
Applied load: 2 N          
Sliding speed: 0.2 m/s              
Temperature: 37°C       
Lubricant:SBF 
Arc 
magnetron 
sputtering 
TiN, CrN, TiAlN 
and a-C:H 
coatings 
TiAlN: 
1.89 μm      
a-C:H: 
1.79 μm    
a-C:H: 
0.76 μm    
CrN: 
2.05 μm 
CrN: 0.241            
TiAlN: 0.222           
TiN: 0.139              
a-C:H: 0.097 
TiAlN: 1.78 × 10 -7 mm3/Nm                             
a-C:H: 1.64 × 10 -7 mm3/Nm                          
TiN:  0.319 × 10 -7 mm3/Nm                       
CrN: 0.088 × 10 -7 mm3/Nm 
Abbreviations: TiN stands for titanium nitride, CVD stands for chemical vapour deposition, MW for microwave, PEEK for poly(etherether-
ketone), RF for radio frequency and SBF for simulated body fluid. 
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Appendix C. Summary of tribological studies on surface grafting.  
Type of 
Simulator 
Type of Material Specimens Experimental Conditions Thickness Friction coefficient Wear rate 
12-station 
hip 
simulator 
for wear 
test [17] 
Femoral head: 
Co–Cr–Mo 
Liner:polymer-
grafted CLPE 
Wear test:                                       
*Head dia: 26 mm                       
Liner inner dia:26 mm       
Liner outer dia: 52 mm 
Wear test: 
Load: (Paul-type) with double peaks 
at 1793 and 2744 N with a 
multidirectional (biaxial and orbital) 
motion 
Frequency:1 Hz 
100–200 
nm 
 
CLPE: -1.42 to 4.64 mg/ 106 
cycles                               
PMPC-grafted CLPE: -3.74 to 
0.48 mg/ 106 cycles 
Friction 
test:ball-
on-plate 
machine  
 
Hip 
simulator 
for wear 
test [18] 
Pin: Co–Cr–Mo 
Plate:polymer-
grafted CLPE    
                                                           
Femoral head: 
Co–Cr–Mo  
Liner: polymer-
grafted CLPE 
Friction test:                                        
Pin diameter: 9 mm  
 
 
                     
                                                                                                 
Wear test:                                       
Head dia: 26 mm                       
Liner inner dia:26 mm       
Liner outer dia: 52 mm 
Lubricant: water                                 
Ra=> 0.01 µm 
Friction test: 
Load: 0.98 N           
Sliding distance: 25 mm     
Frequency: 1 Hz             
Temperature: 37ºC   
                                                                        
Wear test: 
Load: (Paul-type) with double peaks 
at 1793 and 2744 N with a 
multidirectional (biaxial and orbital) 
motion            
Frequency:1 Hz. 
100-150 
nm 
CLPE (untreated): 0.07                    
*PMB30 coated CLPE: 
0.06                  
PMSi90 coated CLPE: 
0.05                    
PMPC-grafted CLPE: 
0.01 
CLPE (untreated): 6.1 mg/ 106 
cycles                                  
PMB30 coated CLPE:  5.9 
mg/ 106 cycles                                  
PMSi90 coated CLPE:  4.5 
mg/ 106 cycles                                  
PMPC-grafted CLPE :  -1.5 
mg/ 106 cycles 
Friction 
test:ball-
on-plate 
machine  
 
Hip 
simulator 
for wear 
test [19] 
Pin: Co–Cr–Mo 
& ceramic    
Plate: untreated 
and polymer-
grafted PE  & 
CLPE      
 
Femoral head: 
Co–Cr–Mo & 
ceramic                      
Liner: untreated 
and polymer-
grafted PE  & 
CLPE 
Friction test:                                        
Pin diameter: 9 mm    
 
 
 
 
                                                                                                                                            
Wear test:                                       
Head dia: 26 mm                       
*liner inner dia:26 mm       
*liner outer dia: 52 mm 
*lubricant: water                                 
*Ra<0.01 µm                                                                                                                          
*lubricant: water 
Friction test:                                 
Load: 0.98 N                           
Sliding distance: 25 mm     
Frequency: 1 Hz                     
Temperature: 37ºC             
                                                
Wear test:                                         
Load: (Paul-type) with double peaks 
at 1793 and 2744 N with a 
multidirectional (biaxial and orbital) 
motion                                   
Frequency:1 Hz.
100-150
nm 
Co–Cr–Mo as head :          
PE: 0.07                                          
PMPC-grafted PE: 
0.015                           
CLPE: 0.08                                       
PMPC-grafted CLPE: 
0.01                       
Ceramic as head : 
CLPE: 0.05                                    
*PMPC-grafted CLPE: 
0.01 
PE: 0-80 mg/ 106 cycles                                               
PMPC-grafted PE: << 0                       
CLPE: 0-10 mg/ 106 cycles                                           
PMPC-grafted CLPE: <<0 
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Friction 
test by 
ball-on-
plate 
machine 
[20] 
Pin-: Co–Cr–Mo                                                              
Disk: Co–Cr–Mo 
Friction test:                                        
Pin diameter: 9 mm                         
Ra<0.01 µm 
Friction test:                              
Load:0.49 to 0.98 N                   
Sliding distance: 25 mm              
Frequency: 1 Hz                   
Temperature: 37ºC 
PMB3: 50 
nm           
PMSi90:13
0nm,       
PMPC-
grafting: 
200 nm 
Co–Cr–Mo surface: 
0.15                    
PMPC-grafted Co–Cr–
Mo surface << 0.01 
 
Friction 
test:ball-
on-plate 
machine 
 
Hip 
simulator 
for wear 
test [21] 
Pin: Co–Cr–Mo 
*plate: polymer-
grafted CLPE  
 
 
                                                             
Femoral head: 
Co–Cr–Mo 
Liner:polymer-
grafted CLPE 
Friction test:                                        
Pin diameter: 9 mm    
 
 
 
                                                                                                                                            
Wear test:                               
Head dia: 26 mm                      
Liner inner dia:26 mm       
Liner outer dia: 52 mm 
Ra<0.01 µm                                                                                                                          
Lubricant: water 
Friction test:                                        
Load: 0.98 N                                
Sliding distance: 25 mm     
Frequency: 1 Hz                   
Temperature: 37ºC      
                                                                     
Wear test: 
Load: (Paul-type) with double peaks 
at 1793 and 2744 N with a 
multidirectional (biaxial and orbital) 
motion         
Frequency:1 Hz. 
100-150
nm 
Untreated surface : 
0.07-0.11                
POEGMA-grafted 
surface: 0.03-0.035                   
PDMAEMA- grafted 
surface: 0.04-0.13                         
PMPA- grafted 
surface: 0.02-0.15                                    
PMPC- grafted surface: 
0.01-0.015 
 
12-station 
hip 
simulator 
for wear 
test [22] 
Femoral head: 
Co–Cr–Mo  
Liner: polymer-
grafted CLPE 
Wear test:                                       
Head diameter:r 26 mm                      
Inner and outer 
diameters of liner are  
26 and 52 mm, 
respectively 
Wear test: 
Load: (Paul-type) with double peaks 
at 1793 and 2744 N with a 
multidirectional (biaxial and orbital) 
motion                                      
Frequency:1 Hz.                      
Inclined angle of +23º. 
100-150 
nm 
 CLPE: 0-60 mg/ 10
6 cycles                                           
PMPC-grafted CLPE <<0 
Friction 
test:                 
ball-on-
disk 
tribometer 
[23] 
Ball: Al2O3            
Plate:UHMWPE 
Ball diameter: 6 mm                       
Plate diameter: 49 mm                
Height: 6 mm                                  
Ra ≤ 0.2  m                                                                                                                      
Lubricant: distilled and 
saline water 
Friction test:* Load: 2.5 N ~25 MPa 
Angular speed: 84 rpm     
Temperature: 37ºC    
                                                             
Wear test: 
Load: (Paul-type) with double peaks
at 1793 and 2744 N with a 
multidirectional (biaxial and orbital) 
motion                   
Frequency:1 Hz. 
 
No grafting, saline: 
0.07-0.06                                 
No grtafting, water: 
0.07-0.055                              
PMPC , saline: 0.045-
0.055                     
PMPC, water: 0.04-
0.005 
No grafting, saline: 0.45 × 10 -
7 mm3/Nm                                         
No grtafting, water: 0.42 × 10 
-7 mm3/Nm                                     
PMPC grafting, saline: 0.25 × 
10 -7 mm3/Nm                                  
PMPC grtafting, water: 0.24 × 
10 -7 mm3/Nm 
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Reciprocat
ing 
friction 
tester [24] 
Pin: Co–Cr–Mo 
Plate: polymer-
grafted CLPE 
Pin geometry:                                  
flat-ended                                     
diameter: 9 mm                            
Height: 6 mm                                                       
Pin,Ra:0.04 µm                                
Plate, Ra: 0.05 µm 
Reciprocating Friction test:                            
Vertical load-7.84N (mean contact 
pressure was 2.50MPa)                               
Sliding speed: 10mm/s 
Total sliding distance: 2 m.     
Temperature: 37ºC 
 
CLPE-rehydration: 
0.12                        
CLPE without 
rehydration: 0.15           
PMPC- CLPE with 
rehydration: 0.068      
PMPC-CLPE without 
rehydration: 0.07 
 
Friction 
test:ball-
on-plate 
machine  
 
Wear test: 
POD 
machine 
[25] 
Disk: Titanium 
alloy             
Pins: Co–Cr–Mo 
with 30 mm 
surface curvature 
Friction test:                                        
Pin diameter: 9 mm     
 
                                                                                                                                           
Wear test:                                       
Surface curvature 
radius of Co–Cr–Mo: 
30 mm                                     
Ra<0.01 µm 
Friction test:                            
Load: 0.98 N                                   
Sliding distance: 25 mm     
Frequency: 1 Hz                  
Temperature: 37ºC    
                                                                   
Wear test:                                                   
Static load: 213 N                          
Sliding distance: 30 mm      
Frequency: 1Hz. 
  
Untreated CLPE without 
vitamin E blending: 0.22 mg/ 
106 cycles                                    
PMPC-grafted CLPE  without 
vitamin E blending: 0.05 mg/ 
106 cycles                                    
Untreated CLPE with vitamin 
E blending: 0.1 mg/ 106 cycles                                    
PMPC-grafted CLPE  with 
vitamin E blending <<0 
Friction 
test:ball-
on-plate 
machine 
 
Hip 
simulator 
for wear 
test [26] 
Pin: Co–Cr–Mo 
Plate-polymer-
grafted CLPE  
 
                                                             
Femoral head: 
Co–Cr–Mo   
Liner: polymer-
grafted CLPE 
Friction test:                                        
Pin diameter: 9 mm 
 
 
 
 
                                                                                                                                               
Wear test:                                        
Head diameter: 26 mm 
or 40 mm                          
Liner diameters: 26 
mm or 400 mm                                                                                                                              
Liner thickness: 10 mm 
and 6 mm                     
Lubricant: water 
Friction test:                                   
Load: 2.5 N ~25 MPa             
Angular speed: 84 rpm     
Temperature: 37ºC       
                                                     
Wear test: 
Load: (Paul-type) with double peaks 
at 1793 and 2744 N with a 
multidirectional (biaxial and orbital) 
motion
Frequency:1 Hz. 
100-150 
nm 
 
CLPE 26 mm: 20 mg/ 106 
cycles                                    
CLPE 40 mm: 45 mg/ 106 
cycles                                    
PMPC-CLPE 26 mm <<0         
PMPC-CLPE 40 mm <<0 
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Friction 
test:ball-
on-plate 
machine  
 
Hip 
simulator 
for wear 
test [27] 
Pin: Co–Cr–Mo 
Plate: polymer-
grafted CLPE  
 
                                                             
Femoral head: 
Co–Cr–Mo  
Liner: polymer-
grafted CLPE 
Friction test:                                        
Pin diameter: 9 mm  
 
                                                                                                                                              
Wear test:                                       
Head diameter: 26 mm                      
Inner and outer 
diameters of liner are  
26 and 52 mm, 
respectively                      
Ra<0.01 µm                                                                                                                          
Lubricant: water 
Friction test:                                       
Load: 2.5 N ~25 MPa             
Angular speed: 84 rpm     
Temperature: 37ºC
                                                    
Wear test:                                
Load: (Paul-type) with double peaks 
at 1793 and 2744 N with a 
multidirectional (biaxial and orbital) 
motion
Frequency:1 Hz. 
100-150 
nm 
 
CLPE-Gamma-ray 
irradiation:15 mg/ 10^6 cycles                             
CLPE-Plasma-ray 
irradiation:15 mg/ 10^6 cycles                                
PMPC-grafted CLPE-Gamma-
ray irradiation <<0                           
PMPC-graftedCLPE-Plasma-
ray irradiation<<0 
Abbreviations: PDMAEMA stands for poly(2-(N,Ndimethylaminoethyl) methacrylate), POEGMA for poly(oligo(ethylene glycol) 
monomethacrylate) and PMPA for poly(2-(methacryloylethyl) phosphoric acid).
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